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WEAR I 


THE WEAR OF SLIPPING WHEELS 


A. SCHALLAMACH 


The British Rubber Producers’ Research Association, Welwyn Garden City, Herts. 
AND 


D. M, TURNER 


The Avon India Rubber Company, Lid., Melksham, Wilts. 
(Great Britain) 


SUMMARY 


A wheel is said to slip if its travelling velocity differs in absolute value from the circumferential 
velocity, or if it has a component in the direction of the axle. Slip produces sliding which is in 
general confined to the rear part of the area of contact, the sliding range increasing with increasing 
slip. Assuming proportionality between abrasion and frictional energy dissipation, wear has been 
calculated for a simple model as function of slip and physical properties of the wheel. At moderate 
slip, wear is found to increase as the square of the slip; at constant slip, wear increases with in- 
creasing stiffness, and decreases with increasing elastic hysteresis of the wheel. The results allow 
an estimate to be made of the dependence of wear on speed of travel under practical conditions. 
Experimental evidence is adduced in support of the theory. 


ZUSAMMENFASSUNG 


DER VERSCHLEISS SCHLUPFENDER RADER 


Man sagt von einem Rade, dass es schliipft, wenn die Fahrgeschwindigkeit sich dem Absolut- 
wert nach von der Umfangsgeschwindigkeit unterscheidet, oder wenn sie eine Komponente in 
Richtung der Achse hat. Schlupf verursacht Rutschen, das sich im allgemeinen auf den riickwar- 
tigen Teil der Beriihrungsflache beschrankt. Dabei wachst der Rutschbereich mit zunehmendem 
Schlupf an. Der Verschleiss ist fiir ein einfaches Modell mit der Annahme berechnet worden, dass 
Abrieb und verlorene Reibungsenergie einander proportional sind. Es stellt sich heraus, dass bei 
miassigem Schlupf der Verschleiss mit dem Quadrate des Schlupfes ansteigt. Bei konstantem 
Schlupf nimmt der Verschleiss mit zunehmender Steifheit des Rades zu, wahrend er mit wachsen- 
der elastischer Hysterese abnimmt. Aus den Resultaten lasst sich die Abhangigkeit des Ver- 
schleisses von der Fahrgeschwindigkeit abschatzen. Experimentelle Ergebnisse unterstiitzen die 


Theorie. 


LIST OF PRINCIPAL SYMBOLS 


A abrasion per unit distance travelled 
a length of area of contact 
c variable in the expression for wear with elliptic 


pressure distribution, defined by eqn. (16) 
D power loss of slipping wheel 
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reaction force in area of contact 

stiffness modulus 

normal load 

pressure distribution per unit length of area 
of contact 

slip 

tangential stress in area of contact 

travelling velocity 

circumferential velocity 


MR HR 


& 


sliding velocity 

co-ordinate of surface element on undeflected 
circumference 

co-ordinate of limiting point 

deflection 


tS Sel Spl ee 


deflection at limiting point 

tan-1 A v/V (cf. Fig. 4) 

abrasion per unit energy dissipation 
slip velocity 

slip angle (cf. Fig. 1) 

resilience 


DP OKRS DHS & 
= 


I, INTRODUCTION 


The wear of wheels occasioned little or no scientific interest before the advent of the 
motor car stimulated interest in wear, construction and design of pneumatic tyres. 
Laboratory investigations on the wear resistance of tyre treads are generally carried 
out by means of abrasion machines designed to imitate on small test wheels the condi- 
tions to which motor car tyres are normally subjected (see, for instance, British Stan- 
dard 903, 1950). These conditions are best described as hindered rolling, as distinct 
from free rolling where the direction of travel lies in the plane of the wheel and the 
circumferential velocity is equal to the travelling velocity. Correlation between 
laboratory and actual tyre wear results are often disappointing, particularly when 
tread materials based on different elastomers are compared. The discrepancies suggest 
that wear is not determined solely by the abrasion resistance of the material but that 
other factors come into play. We have therefore investigated what conclusions can be 
drawn from the mechanism governing relative motion between wheel and track in 
their common area of contact during hindered rolling. This mechanism has been stu- 
died with reference to locomotive wheels by CARTER!, FRoMM2, PoriTskKy? and 
ANDREWS? and with reference to pneumatic tyres by SCHUSTER and WEICHSLER®, 
FRoMMS, F1aLa? and Goucu’, whilst JoHNson® has investigated the rolling and spin- 
nings of spheres, but these authors have dealt only with the forces reacting on the 
wheel. We now show that expressions can be derived from the theory of hindered 
rolling for the rate of wear to be expected under various conditions and for its depen- 
dence on the physical properties of the wheel. 
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The theory, mentioned briefly in a previous publication® is supported by experi- 
mental evidence. 


Ii] SEIP AND) SLIDE 


Hindered rolling is specified by a vectorial quantity, the slip s. Referring all veloci- 
ties to the axis of the wheel, a wheel is said to slip if its circumferential velocity V 
differs in the plane of the area of contact in direction or magnitude from the travelling 
velocity v. The vectorial difference 


Ad =t—V (1) 


is called the slip velocity. The relation between the three quantities in eqn. (I) 1s 
illustrated in Fig. 1. The slip s is defined by eqn. (2): 


, Ae (¥ —é cos O) + dsin O 
5 = A (2) 
|v |v| 


where @ is the angle between V ands. 


Fig. 1. Definition of the slip velocity. 


There are two simple limiting cases: 

(i) The slip velocity Ad is at right angles to the plane of the wheel so that the circum- 
ferential slip is zero. This pure sideway slip, sometimes called ‘‘crab walk’’, is 
the predominant motion of a free wheel in cornering. Dropping the vectorial 
notation one has, from eqn. (2): 


s=sin @, V =cos © (3) 
(ii) The angle @ is zero, #.e. the slip is purely circumferential, as during transmission 
of torque in driving or braking. In this case: 


v—V 
s= 


(4) 


Uv 


Wear, 3 (1960) 1-25 


4 A, SCHALLAMACH, D. M, TURNER 


Slip creates tangential stresses in the area of contact which must be balanced by a 
system of forces applied to the axle of the wheel if the slip is to be maintained. The 
wheel is an elastic link between the area of contact and the axle, the associated stress- 
strain system travelling around the wheel at a rate determined by its angular velocity. 
Limits are set to these stresses and strains by the value of the coefficient of friction 
and by the pressure distribution over the area of contact. Wherever the tangential 
stress exceeds the local pressure multiplied by the coefficient of friction, sliding 
sets in. If the coefficient of friction between wheel and track is infinite, then 
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Fig. 2. Traces of a slipping toothed rubber wheel. 
A, driving, negative slip. B, rolling freely. 
C, braking, positive slip. D, crab walk. 


every element of the circumference adheres to the ground as long as it remains in 
the area of contact. No sliding is possible, and the slip must be taken up entirely by 
deformation of the wheel. The mechanism by which this is brought about can be 
demonstrated by a model experiment employing a wheel with low stiffness-to-friction 
ratio as realized by a toothed rubber wheel. 

Fig. 2 shows the traces of such a wheel, 2} in. in diameter and 4 in. thick, rolling 
over a track at different slips. Trace B has been produced by the freely rolling wheel. 
When a driving torque is transmitted (trace A), the spacing of the teeth in the area 
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of contact is reduced against its unstrained length; the distance travelled by the wheel 
per unit angle of rotation is therefore shorter than the distance travelled by the 
freely rolling wheel. Slip has been achieved by local compression of the circumference, 
the compressive stress being in equilibrium with the driving torque. The opposite 
effect is observed when braking (trace C), the spacing between the teeth being longer 
than on the free wheel. Finally, sideway slip or crab walk is produced by deflecting 
the teeth out of the plane of the wheel. This obviously necessitates a force at right 
angles to the plane of the wheel. It will be shown presently that in addition to a side 
force, a couple (‘‘self-aligning torque”) must be applied to sustain crab walk. The 
sharpness of all traces indicates that no significant relative motion has taken place in 
the areas of contact. 

The nature of the tangential stress distribution in the area of contact can be esti- 
mated from the following considerations. A tooth just entering into contact with the 
track is under no strain but the deflection of teeth already in the area of contact must 
increase linearly with their distance from the front edge if the imprints shown in 
Fig. 2 are to maintain a constant spacing differing in length or direction from the 
spacing on the free wheel. In consequence, the tangential stress must increase with 
increasing distance from the front edge of the contact. In the case of a real wheel, 
with finite stiffness and finite coefficient of friction, sliding will therefore be confined 
in general to the rear part of the area of contact where the tangential stresses are 
highest. 

This effect is illustrated by two further model experiments carried out with solid 
wheels and shown in the photographs of Fig. 3. In Fig. 3(a), a wheel of 2} in. diam. 
and tin. thick, held between steel sideplates, was made to travel at constant slip 
angle over a Perspex track. A black equatorial line around its circumference indicates 
the distortion of the wheel. The area of contact is illuminated by internal reflection. 
In the leading part of the contact, the equator is deformed into a straight line parallel 
to the direction of motion; this straight section coincides with the path of the wheel, 
similar to trace D in Fig. 2, and no sliding occurs here. This part will be called the 
adhesion range. The point where the stress due to sideway deflection of the wheel 
exceeds local limiting friction is clearly shown by departure from the straight line, 
the equator sliding back in the rear part of the area of contact. We shall refer to the 
point where sliding begins as “limiting point”, which is followed by the sliding range. 
GovcH!! has determined the deflection of a tyre in crab walk and obtained a result 
similar to that shown in Fig. 3(a). 

Fig. 3(b) shows the area of contact of a similar wheel in free rolling. Equidistant 
divisions have been marked on it in order to show in Fig. 3(c) deformation of the 
circumference when a driving torque is applied. In the front part of the contact, 
where adhesion is maintained, the spacing of the reference markings is constant and 
smaller than on the freely rolling wheel, in agreement with Fig. 2, trace A. At the 
limiting point, the markings begin to spread out, indicating the decrease of the 
deflection during sliding. There is far-reaching parallelism between the phenomena 
occurring during circumferential and sideway slip, and both cases can be treated 
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theoretically in formally the same manner. It will be assumed in the following that 
a freely rolling wheel offers no resistance to motion. Then an important relation can 


Tig. 3. Deformation of a solid model wheel in the area of contact under the f 
(rolling from right to left). 
a, crab walk. 
b, rolling freely. 
c, negative circumferential slip. 


ollowing conditions: 
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be written down immediately for the energy dissipation in hindered rolling. It follows 
from the law of conservation of energy that at constant slip the power loss D is given 
by eqn. (5) 

D = FAv = Fos (5) 


where F is the tangential force reacting on the wheel in the area of contact. I’ is 
equal to the side force in crab walk, and equal to braking or driving force in circum- 
ferential slip. 


III. GENERAL EXPRESSIONS FOR THE WEAR OF A THIN WHEEL 


A fairly general expression can be derived for the wear of a wheel which is so 
narrow that the deflection of its circumference can be considered as uniform across 
its thickness. Let the circumference of the undeformed wheel be developed into a 
straight line and the local deflection y be plotted as function of its position on the 
underformed circumference. The resultant graph is sketched in Fig. 4, where the 


Adhesion range Sliding range 


Deflection y 


——_——— Rotation of wheel 


Plane of wheel 


Fig. 4. Deflection of a thin, slipping wheel in and around the area of contact. 


area of contact, length a, is marked by hatching. In general, the deflection is not 
zero outside the area of contact but spreads out on either side. According to theories 
by VON SCHLIPPE!? and TEMPLE?*:"4 the deflection decreases here exponentially with 
increasing distance from the area of contact. In the case of crab walk, the curve in 
Fig. 4 can be readily visualized as the shape of the distorted equator shown in Fig. 
3(a). Because of the absence of sliding, the deflection y increases in the adhesion range 
during a time element dé by an amount Avdt while x increases by Vdt so that 


tan B = dy/dx = Av/V (6) 


In order to arrive at an expression for the relation between wear and sliding, it 
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will be assumed that abrasion taking place in the sliding range is proportional to the 
frictionally dissipated energy. If w denotes the instantaneous sliding velocity at a 
point where the pressure per unit length has the value f(x), the abrasion A per unit 
distance travelled is given by 


a 


A = yplv | w p(x) dx (7) 
is 


In this equation, y is the rate of abrasion per unit rate of energy dissipation or the 
reciprocal of the abrasion resistance, yw is the coefficient of friction, and X the x- 
coordinate of the limiting point. The values of y and w have been taken to be inde- 
pendent of sliding velocity and pressure; the justification of these latter assumptions 
will be discussed in a later section. 

There are two contributions to the sliding velocity w. The first component is the 
slip velocity Av, which is, of course, constant over the whole sliding range and will be 


Fig. 5. Resolution of the sliding velocity w in crab walk. 


referred to as kinematic sliding. The second component arises from the fact that as the 
wheel turns, the deflection system shown in Fig. 4 travels around the circumference 
with the velocity V. At a given point of the circumference the deflection y changes 
therefore with time and gives rise to the additional sliding velocity (— dy/dé). This 
component, being a consequence of the finite stiffness of the wheel, will be referred 
to as “deflection sliding”. Deflection sliding is given by eqn. (8): 


ee oat oe a (8) 


so that the total sliding velocity becomes: 
w= A4vu—y’V (9) 


The resolution of w into its components is illustrated in Fig. 5 for the case of crab 
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walk, where it lends itself to simple graphical demonstration, Equation (7) now 
becomes, substituting for w from eqn. (9), 


A= yuo { (Av —y’ V) p(x) av (10) 
ed 


To evaluate eqn. (10) one has to know the normal pressure distribution p(*) and 
the force law giving the deflection y at any point x as function of a given system of 
stresses applied to the circumference. The problem to be solved is then to find y = {(x) 
such that in the sliding range 


S(*) = up(*) (x1) 


where S(x) is the tangential stress per unit length of contact. 

In order to reduce the mathematical difficulties to a minimum without losing sight 
of physical reality, the simple force law of eqn. (12) will be chosen to represent the 
elastic behaviour of the wheel: 


S(*) =hiy (12 


Equation (12) assumes that the deflection at any point in the sliding range depends 
only on the tangential stress and is independent of the deflection of neighbouring 
elements on the circumference. The deflection is therefore zero for all points of the 


Xx ' 


Fig. 6. Deflection of a thin, slipping wheel in the area of contact, with the force law y = up(*)/F1. 


circumference not in contact with the track. Kinks are allowed in the deflection curve, 
and the relation between deflection and stress follows Hooke’s law. 

The deflection curve of a model wheel with these properties is shown in Fig. 6. 
The reaction force is given by 


a 
B= hy [ va 
0 
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and is proportional to the shaded area in Fig. 6. It will be seen from the asymmetry of 
this area that in crab walk, where the deflection is at right angles to the plane of the 
wheel, the reaction force elements produce a couple around a normal erected in the 
centre of the area of contact, which tends to reduce the slip angle. This is the self- 
aligning torque previously mentioned. 

All energy dissipation accompanying hindered rolling of this model takes place in 
the area of contact, no energy being stored outside. In consequence, the following 
important relation holds between reaction force and abrasion, derived from eqn. (5) : 


A = (y/v) D=ysF (13) 


“Normal pressure and deflection of the circumference being now proportional to 
each other, the second integral in eqn. (10) can be evaluated, with the result that: 


A=y/v [wu Av f p(x) dx + 4h Y2V] (14) 
53 


where Y is the deflection at the limiting point. 


IV. ABRASION OF A CYLINDRICAL, IDEALLY ELASTIC WHEEL WITH ELLIPTIC PRESSURE 
DISTRIBUTION OVER THE AREA OF CONTACT 


In carrying through the calculations, it will be assumed that the wheel is cylindrical 
and that all cross-sections normal to the axis deform identically. The results obtained 
n the last section can then be directly employed for a wheel of finite thickness. An 
assumption must also be made of the pressure distribution p(x). According to the 
classical theory of elasticity as developed by Hertz (TIMOSHENKO!*), the pressure 
distribution over the area of contact between a cylinder and a plane is elliptical. 
Since a function of this type also appears to represent qualitatively the pressure 
distribution over the area of contact of tyres (MARTIN16; MARKWICK AND STARKS!?), 
it will be used in working out the final results. Some of the findings are not materially 
influenced by the shape of the distribution curve, as will be discussed later. 

Details of the calculation with an elliptic pressure distribution are given in Appen- 
dix I, where the following expression is arrived at for the abrasion: 


a I ay 2c 2c 
=— ys sin ——-s 
ean | aur paver (15) 


L is the normal load and c is given by eqn. (16) 


fs 
C= rr kya? tan B/uL (16) 
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The reaction force F is, according to eqn. (13), derived from eqn. (15) as 


e I 5 as Mize A 2c 
=— sin- 
It £ rT + c2 r+ 4 a7 


The dependence of A on the slip s is complicated, for c, too, is a function of s as it 
contains the factor tan 6. The reaction force F, however, depends only on c and is 
shown graphically as a function of this quantity in Fig. 7. The curve reaches a final 
value F = wL at high values of c. This result was to be expected because F cannot 


Stress 


0.50 


0.25 


go 


1.0 2.0 Cus. © Strain 


Fig. 7. Reaction force F as function of the vari- Fig. 8. Idealized hysteresis loop. 
able c according to eqn. (17). The experimental 
points have been determined on the Akron 
Abrader. 
A, Krylene filled with 50 p.p.h. HAF black. 
B, natural rubber filled with 50 p.p-h. HAF black. 
C, natural rubber filled with 25 p.p.h. HAF black. 


exceed the limit set by the coefficient of friction which is reached when the sliding 
range has extended over the whole area of contact. 

Fig. 7 indicates that F is proportional to ¢ at low values of the slip. The corre- 
sponding approximate expression is obtained from eqn. (17) by expanding the inverse 
sine function and retaining only the first term of the series. Furthermore, taking 
account of the fact that at small slip tan 8 ~ s, as seen from eqns. (6), and that c? 
can, under the conditions considered here, be neglected compared with unity, one 
obtains the very useful approximations: 


Fsmalt sip = 4h1a?s (1 8) 
and 


Agmall slip = dys?khia (19) 


At small slips, abrasion increases approximately with the square of the slip. Elimi- 
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nating s between eqns. (18) and (19), an important alternative expression is obtained 


for wear at low slip: 
Asmall slip = 2y F2/k3a* (20) 


It is interesting to note that for a given length of contact a both force F and abrasion 
A are at small slips independent of the character of the pressure distribution. (See 
also Appendix II.) 


V. WEAR OF AN INCOMPLETELY ELASTIC WHEEL 


An assumption implicit in the derivation of eqn. (14) for the abrasion is that the 
wheel is ideally elastic. The relevance of this point emerges from the foliowing inter- 
pretation of eqn. (14). As an element of the wheel circumference enters the area of 
contact, elastic energy is stored in it which is at any time proportional to the square 
of the deflection. If tan 8 is small enough for the limiting point to be located in the 
rear half of the area of contact the deflection Y is the maximum deflection occurring, 
and 4 kiY? is the maximum elastically stored energy per unit length of area of contact. 
Deflection abrasion is therefore proportional to the rate at which elastically stored 
energy passes from the adhesion into the sliding range. In effect, the elastically 
stored energy is totally converted into external work done against the frictional forces. 
If the wheel is incompletely elastic, the contribution of deflection sliding to the 
abrasion will be diminished by that part of the stored energy which is lost by elastic 
hysteresis. 

When the limiting point is in the front half of the area of contact, the situation is 
more involved since the deflection continues to increase until the centre of the contact 
is reached, In this case, the stress cycle is independent of the position of the limiting 
point. 

An incompletely elastic material departs necessarily from Hooke’s law but no 
analytical expression appears to have been proposed for the mechanical hysteresis 
loop of solids. Since this work aims primarily at a discussion of the principal factors 
involved in the wear problem, an idealized hysteresis loop has been devised which is 
shown in Fig. 8. It has been assumed that the material obeys Hooke’s law at both 
increasing and decreasing stress but that different moduli operate in the two cases. 
When the stress is reversed, the strain remains constant until the stress has reached a 
value given by the lower modulus. This model is not quite as artificial as it may seem 
at first because in the case of rubber a steep decrease of the stress is commonly 
observed on reversal. 

An incompletely elastic wheel with the stress-strain behaviour sketched in Fig. 8 
is characterized by two force constants k; for increasing stress, k = k; and for decreas- 
ing stress, k = hs. The ratio 


Q = ho/hy (21) 
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gives the fraction of maximum stored energy recoverable during a stress cycle and. 
will be referred to as resilience. The deflection of a wheel with the properties under 
consideration is shown in Fig. 9 for two cases where the limiting point is in the rear 
and front half of the area of contact. The position of the limiting point is not affected 
by the hysteresis of the wheel and depends only on f; and the angle 6. Once an element 


y= Mp(x)/ky 


Fig. 9. Deflection in the area of contact of an incompletely elastic wheel with stress—strain pro- 
perties shown in Fig. 8. 


on the circumference has reached its maximum stress, the corresponding deflection 
‘Vmax Stays constant until the local pressure has dropped to the value up (~) = ReVmax. 
It then follows the curve y= (u/k2)p(x). Whilst the deflection is constant, y’ = 0, 
and no deflection sliding occurs; instead, the stored energy is partially converted into 
heat. The remaining energy available for conversion into external friction and hence 
into abrasion work during retraction sliding is in fact 


2 2 
thoVmax — tokiVmax 


The complete calculation with an elliptic pressure distribution is carried out on 
lines similar to those in Appendix I and leads to the following expressions 


a 
Pe: ib, 2¢ C 

2 4= ys [sn tt «| (22) 
(c <1) It I+c I+ec + c?) 
_ a 

Same ie, 2¢ 2¢ 
lel ate 45 
2 A=ys [sis il ae ais rrr: e: ale| (23) 


(¢ > 1) 


The effect of the resilience on abrasion is illustrated in Fig. (10), where the quantity 
A |yysuL has been plotted against the variable c for various values of . It will be noticed 
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that the influence of the resilience is most pronounced at small slips and becomes 
negligible at large slips. This is understandable for at large slips sliding occurs practi- 
cally over the whole area of contact and the elastic properties of the wheel cease to 
control the process. 


0,50) 


0.25 


0.5 1.0 1.5 2ORRC E25 3.0 


Fig. 10. The quotient A/ysuL for various values of the resilience g as function of the variable c. 


With the approximations made in the derivation of eqns. (18) and (19), eqn. (22) 
reduces for small slips to 


Asmall slip = dyos?hia? (24) 


that is to say, the abrasion of an incompletely elastic wheel is, in the first approxi- 
mation, proportional to its resilience. In view of the great simplicity and usefulness 
of eqn. (24), an alternative derivation from first principles is given in Appendix II. 

It is essential to realize that with the model under discussion the reaction forces in 
the area of contact are not affected by hysteresis because the local stresses in the 
area of contact are unambiguously determined by the pressure distribution and the 
coefficient of friction. Equations (17) and (18) for the reaction force hold therefore for 
an incompletely elastic as well as for an ideally elastic wheel. Abrasion at small slip 
expressed in terms of the reaction force F is therefore given by eqn. (25) 


Asmall slip = 2yo F?/k a2 (25) 


VI. DISCUSSION AND COMPARISON WITH EXPERIMENT 


(a) Validity of the assumptions for rubber 


Comparison between theory and experiment must be confined to tyre wear data 
and to results obtained on abrasion machines since no other data appear to have been 
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published, It is therefore necessary to examine the validity of the assumptions made 
in ee III for rubber compounds, the most important of which is that abrasion of 
a given material is proportional to the frictionally dissipated energy. The coefficient 
of mubber friction on rough surfaces is proportional to L-¥°, L being the normal load?8, 
ag relation is difficult to distinguish in practice from a constant coefficient of fric- 
tion. It has further been shown? that rubber abrasion in simple sliding is a linear 
function of the normal load. Proportionality between abrasion and energy dissipation 
is therefore a close approximation to the empirical facts. 

A further assumption that abrasion is independent of the sliding velocity has been 
examined with an abrasion machine known as the “Akron Abrader’’. This machine 
employs a cylindrical test wheel, 2}in. in diameter and din. thick, which drives a 
grinding wheel of 6 in. diameter in frictionless bearings. The planes of sample and 
grinding wheel are inclined to each other at a small angle, usually 15°, the slip being 
essentially crab walk. Results for two typical tyre tread compounds at various 
travelling velocities are given in Table I. 


TABLES 


RATE OF ABRASION AT DIFFERENT VELOCITIES ON THE AKRON ABRADER 
Loss given in mg/120 m 


Natural rubber filled with 50 p.p.h. High Abrasion Furnace black 


v (cm/sec) 12.1 27.8 98.8 I51 
A WORE 69.2 66.5 64.0 


Krylene* filled with 50 p.p.h. High Abrasion Furnace black 


v (cm/sec) 3.48 12.5 25.6 57.6 12 
A 43-1 42.9 43-9 43-3 44.8 


* Low-temperature polymerized butadiene styrene co-polymer. 


The abrasion of the natural rubber compound decreases with increasing velocity but 
the effect is small and will be neglected. 


(b) Reaction forces 

Most reaction force determinations on tyres have been carried out in crab walk 
because of the importance of the side force for the stability of motor vehicles. The 
experimental results, as for example those given recently by GouGcH”® and by Joy 
AND HARTLEY?2°, show the characteristic features of the graph in Fig. 7, 7.e. linearity 
at small slip angles followed by a gradual decrease in slope. The most complete data 
have possibly been given by FOrsTER?2! and are reproduced in Fig. 11. The curve 
extends well into the region where the side force becomes constant, and the similarity 
with Fig. 7 is obvious. It should be mentioned that at high velocities and slips the 
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side force tends to decrease again, presumably because the coefficient of rubber 


friction decreases at high sliding velocities following the frictional temperature rise*?. 
A closer comparison with the theory is afforded by measurements of the side force 


300 ele 2.0 
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Side force, kg 
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Fig. 11. Side force at variable slip angle of -0.02 
a tyre (FORSTER). 


Fig. 12. Slip-dependence of abrasion on the Akron Abrader at 
variable slip angle. A to C, natural rubber compounds with 0.008 
the following filler contents in p.p.h.: A, 45 HAF; B, 30 0.006% 

HAF; C, 45 SAF. D, Krylene filled with 50 p.p.h. HAF. 2 


Slip angle 


on the Akron Abrader. Results of measurements obtained with three different 
compounds are represented in Fig. 7 by the experimental points shown . The agree- 
ment with the theoretical curve has been brought about by suitable choice of the 
quantities uw and fa, the latter being a factor of the coefficient c defined by eqn. (16). 


(c) Slip dependence of abrasion 


Because of the ease with which the slip angle can be varied, the Akron Abrader 
lends itself to measuring slip dependence of abrasion under controlled conditions. 
Results obtained with four different compounds are plotted on a doubly logarithmic 
scale in Fig. 12. When making these measurements, care was taken to reduce contami- 
nation of the grinding wheel surface. The samples were extracted with acetone to 
remove mobile impurities in the rubber which act as lubricant; when this precaution 
is omitted, spurious results may be obtained?2,. The curves in Fig. 12 are straight 
lines over the whole experimental range with slopes slightly larger than two. EBERT 
AND WEIDNER?’ and VIEHMANN?4, working with abrasion machines employing 
circumferential slip have also found that abrasion is a linear function of the square 
of the slip. However, in the experiments of these authors the abrasion constant 
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appears to increase suddenly to a higher value when a certain critical slip is reached. 
This effect has been attributed by VIEHMANN to the formation on the surface of the 
samples of so-called abrasion patterns, which are known to increase the rate of abrasion 
(SCHALLAMACH2?,?) , 

GEESINK AND PrRaT2¢ have published the results of experiments with full-sized 
tyres run at slip angles, the tyres having been mounted on a special trailer. Their 
findings are reproduced in Fig. 13. The straight line shown has a slope of 2.14, very 
nearly equal to the slopes of the straight lines in Fig. 12. 

Within the range of slip angles covered by the data of Figs. 12 and 13, the difference 
between slip (= sine of slip angle) and slip angle is negligible. The square law predict- 
ed by eqns. (19) and (24) is therefore verified experimentally within narrow limits. 
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e) 
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? edo 4° 6° B° 
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Fig. 13. Slip dependence of abrasion of a natural 


rubber tyre at varying slip angle (GEESINK AND 20 
PRAT?5), 


Fig. 14. Average velocity dependence of tyre wear in 
relative measure determined by GEESINK AND Prat 1.0 80 6070 80 90 
at Montihéry. Velocity, km/h 


Measurements of tyre wear as function of the side force have been reported by 
GoucH AND SHEARER?’ for experiments carried out at constant velocity on circular 
tracks of varying radius. Wear was found to increase as between the square and cube 
of the side force, the actual value depending on wheel position. These findings are in 
qualitative agreement with eqn. (25). 

The theory allows conclusions to be drawn on the dependence of tyre wear on speed 
of travel. In ordinary driving, accelerations occur in curves and during unavoidable 
changes in linear velocity. The corresponding inertial forces are balanced by reaction 
forces in the area of contact. Fora given travelling velocity the centrifugal force when 
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negotiating a curve is proportional to the square of the velocity; similarly, the force 
necessary to brake from, or to accelerate to, a given velocity within a given distance 
also varies as the square of the velocity. Since according to eqns. (20) and (25), wear 
increases to a first approximation with the square of the reaction force, tyre wear 
would be expected to increase with the fourth power of the average travelling velocity. 
Against this, there is a natural tendency to slow down in curves and to allow a longer 
braking distance at higher velocities. GEESINK AND PRAT? have reported four sets of 
tyre wear data at varying speed on a special test track (Montlhéry) where every 
endeavour was made to maintain the same velocity throughout runs. All four deter- 
minations show a rapid rise of the rate of wear with speed, the order of magnitude 
being about a tenfold rise of wear for a velocity variation from 40 to 80 km/h. Averag- 
ing the relative figures obtained in three of the sets which had been determined with 
the same vehicle gives the result plotted on a doubly logarithmic scale in Fig. 14. 
The straight line has a slope of 3.15, which bears out the great dependence of wear 
on the driving velocity as deduced above. 


(d) Dependence of wear on the physical properties of the wheel 

The physical properties of the wheel enter the equations with the product h1a?, 
which depends on the stiffness, and with the resilience o. 

The influence of stiffness on kia? is involved because the length of the area of 
contact a will increase with decreasing stiffness. According to Hertz (TIMOSHENKO!}5), 
a® o (L/E) for a cylindrical contact, where E is Young’s modulus. On dimensional 
grounds, fi should be proportional to FE, and the product kia? should not depend on 
the modulus. It is seen from Fig. 7, however, that the stiffer compounds with high 
carbon-filler content develop a larger side force than the softer, less filled compound. 
The discrepancy between theory and experiment is due to a deficiency of the model 
used, and can be accounted for qualitatively. The fact has been neglected that the 
deformation of the wheel is not confined to parts in contact with the track but 
spreads to adjoining regions, as indicated in Fig. 4. The force necessary to produce 
this additional deflection will be proportional to the force constant ki and have a 
component independent of the length of the contact area a so that the effective 
value of kia? will increase with increasing stiffness, giving the observed increase of 
side force with increasing modulus. 

It is not easy to demonstrate directly the influence of stiffness on abrasion because 
it is difficult to compound rubbers differing in no other respect than in elastic modulus. 
An indirect method of verifying the effect is to compare two given materials at the 
same slip and at the same force. Indicating the two materials by the subscripts 1 and 
2, one has, for small slip, from eqns. (24) and (25): 


at constant slip 
%s = (A1/A2)s = (y1@1/y2@2) (#14?)1/(k1a?)2 
at constant force 


rp = (A1/A2)r = (y1@1/Y2@2) (414?)2/(k1a?)1 
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The two ratios 7, and rr may differ appreciably, 7s being proportional to the stiffness 
ratio, vr to its reciprocal value. 

Comparative experiments at constant slip and constant force have been carried out 
with the small three-wheeled trailer sketched in Fig. 15. Two test wheels are mounted 
at the rear, making an angle a with the axis of the trailer, the single front wheel serv- 
ing only as support. The towing line is attached above the centre of the area of 
contact of this front wheel. The trailer is pulled over a suitable abrasive track, 
actually an ordinary road surface. As drawn in Fig. 15, sample 2 is the stiffer compound. 


Fig. 15. Small experimental trailer, diagrammatic. 


It follows from elementary statics that the trailer sets itself in such a way as to make 
the two side forces equal. The two samples are thus automatically compared at the 
same forces. Let the corresponding slip angles be @; and @2; then, from geometry 


0, + O2 = 2a (26) 


If, in each run, both wheels are of the same compound, comparison takes place at 
constant slip. Expressing 7r and 7s in terms of the slip angles @, one has 


Yplrs = O1?/O2? (27) 
from eqn. (24), with @ ~ sin@ = s. 
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The angles @: and @2 can be found independently from curves of the side force as 
function of the slip angle; 91 and Oz have to give the same side force and obey 
eqn. (26). Measurements have been made with two pairs of compounds and the results 
are shown in Table II. It will be seen that in both sets of measurements 7r was greater 
than 7; because the higher side force of compounds II and IV reduced their slip angle 
at the expense of compounds I and III. The ratio vr/rs is in satisfactory agreement 
with its theoretical value @12/02?. 


TABLE It 
COMPARATIVE ABRASIVE MEASUREMENTS AT CONSTANT SLIP AND CONSTANT FORCE 


a = 15°; abrasions in cm3/kg 


Compound As Ar Ys Yr rts O12/@22 
i 0.874 0.968 
0.819 1.255 1.535 1.58 
II 1.068 0.771 
Ill 0.752 0.872 
1.005 1.340 1.330 1.25 
IV 0.748 0.652 


Possibly the most striking prediction of the theory is that, other things being equal, 
wear of slipping wheels should decrease with increasing elastic hysteresis of the mate- 
rial. Experimental verification of this prediction requires knowledge of the abrasion 
factor of the compounds to be compared, that is their relative abrasions in simple 
sliding. It has been shown?? that sliding abrasion can critically depend on the 
properties of the track so that it is imperative to determine both y and slipping- 
wheel-wear on one and the same track. This is simply achieved by using the trailer 
shown in Fig. 15 and clamping the wheels for the sliding experiments. The two 
types of measurement were therefore made not only on the same track but with 
the same samples. 

It is further necessary to know the resilience g. In general, phenomena connected 
with internal friction are time-dependent ; 9 ought to be determined under conditions 
simulating the stress pulse imposed on an element of the circumference when passing 
through the area of contact. We have assumed that these conditions are similar to the 
impact of a simple rebound pendulum impinging on a vertical rubber surface. The 
pendulum employed was about 2m long; the bob, a steel ball of 2.54 cm diameter 
was dropped from heights between about 2 and ro cm. The actual height had little 
influence on the result ; @ was obtained as ratio of rebound and dropping height. 

In order to avoid complications arising out of differences in stiffness, only compounds 
of similar stiffness were used in these experiments, which were all carried out at 
constant slip. The results obtained with a range of elastomers and tillers are summariz- 
ed in Figs. 16(a) and 16(b). Graph 16(a) gives the relative abrasion loss in pure crab 
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walk at a slip angle of 15° as a function of the relative sliding abrasion, compound E 
being taken as standard. There appears to be hardly any correlation between the two 
sets of data. In striking contrast to Fig. 16(a) stands Fig. 16(b), where the abrasion 
in crab walk has been plotted against the product of sliding abrasion and resilience 9, 
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(a) (b) 
Fig. 16. (a) Abrasion in crab walk at 15° slip angle as function of sliding abrasion. 
(b) Abrasion in crab walk at 15° slip angle as function of the product of sliding abrasion 
and resilience. 


as suggested by eqn. (24). The points now lie very nearly on a straight line, only one 
point departing badly from the linear relation. The statistical evaluation of the data 
gives a correlation factor of 0.92. 

Closer examination of these two graphs shows a number of interesting reversals in 
ranking according to whether the abrasion resistance of the compounds is assessed 
by their losses in crab walk or in sliding abrasion. The most remarkable instance is 
compound A, which in simple sliding abrades about 24 times as much as the standard 
compound but suffers only about $ of the wear of the standard in crab walk. 

VIEHMANN24 has commented on the importance of elastic hysteresis in rubber 
abrasion but has connected it, erroneously in our opinion, with the abrasion process 
itself and not with the deformation taking place in the area of contact. 

The observed linear relation between wear of slipping wheels and the product of 
resilience g and abrasion constant y should, of course, equally well apply to tyre wear 
but the large range of relative abrasion figures seen in Fig. 16 will not be maintained 
if similar compounds are employed as tyre treads. The reason is that the mechanical 
properties of tyres aie only partially determined by the tread, the main elastic 
element being the pneumatic casing. This is illustrated in Fig. 17. Curve (a) of this 
graph gives the side force of a practically new tyre with a tread depth of 0.76 cm, 
and curve (b) gives the side force after the tread has been mechanically removed so 
as to leave the casing with a bare surface. The lateral stiffness of the tyre has thereby 
been appreciably increased, as demonstrated by the increased side force. In a first 
approximation, the elastic properties of a tyre may be considered as those of two 
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elastic elements in series, the two elements representing respectively the casing and 
the tread. The slip angle at a given side force is then proportional to the sum of the 
compliances of casing and tread; the compliance of the tread itself is proportional to 
the difference in slip angle between new tyre and bare casing at a given side force. 
Evaluation of the data in Fig. 17 shows that a new tread adds only about 36% to the 
compliance of the casing. The elastic behaviour of the tread compound plays there- 
fore a lesser role in the case of tyres than with solid, uniform wheels. 
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Fig. 17. Side force of a tyre, size 6.00-16, as function of slip angle: (a), when new and (b), after 
removal of tread. Determination on drum-rig. Normal load 500 kg, inflation pressure 2.11 kg/cm? , 


The resilience of a rubber compound is predominantly determined by the nature 
of the basic elastomer and differences in resilience between different polymers are, 
as a rule, greater than between different mixes of the same polymer. Hence, it is not 
surprising that correlation between the results of road wear and laboratory tests 
breaks down when different polymers are compared. 


VII. CONCLUSIONS 


The simple theory of hindered rolling when applied to the wear of slipping wheels 
agrees satisfactorily with the experimental evidence. It shows the slip dependence of 
abrasion to be due to deformation of the wheel in the area of contact and it also 
explains, with suitable assumptions, the rapid increase in tyre wear with increasing 
travelling velocity. This latter phenomenon is not caused by a decrease in abrasion 
resistance but follows because the velocity-dependent inertial forces must be balanced 
by increasing amounts of slip as the average speed increases. 

The wear ranking of a given number of compounds in hindered rolling has been shown 
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to depend pronouncedly on the conditions of the test. This effect has been known 
empirically and discussed in the literature (see for example, EBErT?8). The differences 
obtained at constant slip and constant force find their explanation in the fact that at 
constant force the slip adjusts itself to a value appropriate for the applied force. 

Under certain conditions, differences in elastic properties can completely over- 
shadow differences in abrasion resistance. This is particularly marked when the 
resiliences of the materials under consideration vary appreciably, as is shown by the 
two graphs in Fig. 16. Resilience is revealed as one of the most important factors 
governing the wear of slipping wheels. 
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APPENDIX I 


CALCULATION OF THE ABRASION OF AN IDEALLY ELASTIC WHEEL WITH ELLIPTIC 
PRESSURE DISTRIBUTION OVER THE AREA OF CONTACT 


Transferring the origin into the centre of the area of contact, the elliptic pressure 
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distribution per unit length of area of contact is given by eqn. (I). 
p(x) = Pm [1 — (2¥/a)?]# = a/4 L/alx — (2x/a)?]4 (1) 


where #m is the maximum pressure and L, the normal load. The abscissa X of the 
limiting point is determined by the condition that the elastic stress equals limiting 
frictional stress, 1.¢. 


Ai(x + a/2) tan B = p(x) (II) 


After substitution for p(x) from eqn. (I), eqn. (II) gives 


x foe Ill 
= al2 eee (IIT) 
where 
c¢ = 2/8 kia? tan B/uL (IV) 
The deflection Y at the limiting point is obtained as 
¥ = (X + aj2)t wa 
= a/2 n = —— 
anp=a es (V) 


Substituting for k: from eqn. (IV), and for tan f from eqn. (6), one has for the second 
term in eqn. (14) 


pera ee cul 
4h Y2V = a A Av (VI) 
The remaining integral in eqn. (14) is 
a/2 
: 2c 2c(1 — c2) 
epyacls = JL =u oa} 
al p(«) dv |x [sin ena a ary (VII) 


where the upper limit has been changed to a/2 because of the altered co-ordinate 
system. Inserting the expression eqns. (VI) and (VII) in eqn. (14) gives directly 
eqn. (15). 


APPENDIX II 
ABRASION AT SMALL SLIP 


A sketch of the deflection of a slipping wheel, similar to Fig. 6 but drawn for small 
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slip, shows that the integral in the general equation (14) for the abrasion 
1/ky 4 p(x) dx <« Y2 
x 


for small slip. Also, the slip velocity Av is under these conditions much smaller than 
the circumferential velocity V, which approaches the travelling velocity v. Hence, 
eqn. (14) reduces to 


Asma slip = 3/1 Y? (VITT) 


which shows that abrasion is predominantly due to conversion of elastically stored 
energy into friction. If the wheel is incompletely elastic, only a fraction g is available, 
and 


Asmail slip = 37Q%1¥? (IX) 
No assumptions on the hysteresis loop of the material had to be made in the deri- 
vation of eqn. (IX). 
The maximum deflection Y is, to a good approximation 
Y ~ atan Pp & ass 
so that 


Agsmall slip = 4yohk1as? (X) 
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THE FRICTION OF FIBRE ASSEMBLIES 


J. D. HUFFINGTON anp H. P. STOUT 


The British Jute Trade Research Association, Dundee (Great Britain) 


SUMMARY 


It is shown that for a number of natural and synthetic fibres contact between surfaces during 
sliding produces deformation of asperities such that the area of contact at a single asperity on the 
adhesion theory of friction varies with load w as w™, where m = 0.6. This is close to the value that 
would be expected for purely elastic deformation of the polymeric material. Frictional measure- 
ments under experimental conditions in which the total number of asperities N is independent of 
the total load W are able to give, as a unique case, the value of m which corresponds to elastic 
deformation. Fibre assemblies are usually soft and flexible and their friction often involves 
contact between a relatively large number of asperities as compared, for example, with rigid solids, 
thus enabling the above unique condition of elastic deformation with a constant N to be approxi- 
mately realised over a certain range of loads at low loads. More generally N increases with 
load and this appears in the present experiments to be due to a second type of deformation, the 
deformation of the fibre assembly as a whole (e.g. yarn, cloth, fringe, etc.) so as to involve an 
increasing number of fibres in the contact region. This deformation usually follows a simple law 
which has been investigated for a number of types of fibre assembly. 


ZUSAMMENFASSUNG 
DIE REIBUNG VON FASERBUNDELN 


Fiir eine Reihe natiirlicher und synthetischer Fasern wird gezeigt, dass die Kontakte zwischen 
den gleitenden Oberflachen zu einer Deformation der Vorspriinge in den Oberflachen fiihren. 
Hierbei verandert die wirkliche Kontaktflache der einzelnen Vorspriinge nach der Adhiasions- 
theorie der Reibung mit der Belastung w wie w™, wobei m = 0.6 gefunden wurde. Dieser Wert 
des Exponenten m nahert sich dem, der fiir rein elastische Verformungen des Polymeren zu 
erwarten ware. Reibungsmessungen unter Versuchsbedingungen bei denen die Gesamtzahl N der 
Vorspriinge unabhangig von der Belastung W ist erlauben es, den Wert von m, der einer elasti- 
schen Deformation entspricht, eindeutig zu bestimmen. Faserbiindel sind nun gewoéhnlich weich 
und biegsam, ihre Reibung betatigt daher verhaltnismassig viele Vorspriinge — im Vergleich z.B. 
zu steifen Festkérpern — sodass, die oben genannten Bedingungen fiir elastische Deformation 
uber einen gewissen Bereich niedriger Belastungen annadhernd verwirklicht werden kénnen. Im 
allgemeinen nimmt N jedoch mit der Belastung zu. In den vorliegenden Versuchen scheint dies 
die Folge einer zweiten Deformationsart, namlich der Deformation der Faserbiindel als Ganzes 
(z.B. Garn, Tuch, Franse usw.) zu sein. Hierbei wird eine zunehmende Anzahl Fasern in der 
Beriihrungsszone erfasst. Diese Deformation gehorcht einem einfachen Gesetz, das fiir eine Reihe 
typischer Faserbiindel untersucht wurde. 


INTRODUCTION 


In a previous note? it has been shown that the coefficient of friction « between 
crossed polymeric fibres increases with the number of fibres involved in the sliding 
process. Monofilaments of nylon (0.051 cm diameter) were arranged as plane parallel 
layers sliding perpendicularly over one another, and the assumption was made that 
the number of fibre-to-fibre contacts was independent of the normal load. The results 
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appeared to indicate that this assumption was approximately correct over a wide 
range of loads. The experimental conditions used, however, were simple by compari- 
son with conditions normally encountered in practice and it was thought desirable to 
extend the work to cover, for example, the case of crossed layers of yarn or the case 
of yarns rubbing against a solid surface. Other cases investigated were fringes sliding 
over one another with their fibres parallel, as in the work oi Lorp?, cloth sliding 
against Tufnol (reinforced plastic sheet manufactured from phenol formaldehyde 
resin), and felt sliding against Tufnol. It has been found possible to interpret the 
results obtained by allowing for an increase in the number of contacts with in- 
creasing load, this increase depending on the deformation properties of the assembly. 

Consideration has also been given to the more basic type of deformation occurring 
at a single asperity of the polymeric material itself, the evidence being that this is 
purely elastic over the range of loads involved for a number of natural and synthetic 
fibres. 

A preliminary note on this work has been published’. 


THEORETICAL 


The frictional force between polymeric fibres has been described in a law of the 


form 
F= Aw (x) 


where A and u are often constant under given experimental conditions and W is the 
normal load; it has been found that may lie between 0.6 and 1. This value does 
not appear in general to have any fundamental significance since it varies for the 
same fibrous material from one experimenter to another and it may vary considerably 
with load in a given experiment. However, a more fundamental and constant value 
of the load index may be obtained (which corresponds in the present experiments to 
purely elastic deformation) by arguments such as the following. 

A previous communication! dealt with the increase in the coefficient of friction 
that occurs between crossed fibres when their number is increased. Single perpendi- 
cular crossed fibres formed an indentation region which was taken as a unit contact 
(N = 1), neglecting the fact that this unit probably consisted of a number of separate 
asperity contacts. However, the theory presented may be extended by assuming that 
a unit contact is that formed by a single asperity, in which case N now refers to the 
number of asperity contacts instead of the number of indentation regions and the 
expression previously derived for the frictional force again applies 


F=faNi-mwn (2) 
where W is the total load and the frictional equation for a single asperity contact 
with load w is assumed to be 


18) == Oe (3) 


where tn 
f = w™|(w)™ 


and will usually be close to unity. 
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If N is a constant and independent of W, eqn. (2) enables the value of m to be 
obtained directly from the experimental F-W relation by plotting log F against 
log W. 

In general, the number of asperities N will increase with IV. Suppose, for example, 


N =cwe (4) 
Equation (2) becomes 
F = faCi-m Wh-hmtm (5) 
This may be written as in eqn. (1) 
Tete 
where 
n=B—Bpm+m (6) 


Equation (1) is that which has normally been used to describe frictional measurements 
between single or multiple crossed fibres. If B is zero nm = m: and if B >0, n >m. 
Equations (1) and (5) may then be rewritten 


log F = log A + ” log W 
= log (faC1-™) + (8 — Bm + m) log W (7) 


In the latter case the experimental F-W results will not give m unless f is known. 
If log F is plotted against log WW eqn. (7) indicates a straight line of slope where 


n =B—Bm+m (8) 
m = (n — B)/(1 — B) (9) 


Equation (7) may also be expressed in terms of the coefficient of friction u since from 
eqns. (5) and (6) 


log w = log fa C1-m + (n —1) log W (10) 


To every value of ” will correspond pairs of values of m and f and Fig. 1 shows a 
plot of m against f for various values of m ranging from 0.5 to 0.99. It is assumed that 
the minimum value of m on the adhesion theory of friction is that corresponding to 
purely elastic deformation and that 6 must be greater than or equal to zero. For a 
sphere in contact with a plane Hertz’s theory of elastic deformation indicates m = 
0.67 and for a cylinder contacting a plane m = 0.5, this being the arrangement 
which gives a minimum m value. If, for example, the asperities are spherical in 
contour, experiments giving ” greater than 0.67 are consistent with a number of 
different m values, e.g. for 7 = 0.8 the two extreme cases shown by Fig. 1 are i= 
0, m = 0.8 or B = 0.4, m = 0.67, However, for » = 0.67 only one m value of 0.67 
is possible on the above assumptions. In other words it is possible to determine a 
maximum m value from the experimental results by putting B equal to zero, but if 


Wear, 3 (1960) 26-42 


FRICTION OF FIBRE ASSEMBLIES 29 


this value should be m = 0.67 the ambiguity is removed since this is also a minimum 
possible value for the type of asperity under consideration. 


EXPERIMENTAL METHODS 


The basic elements of the apparatus by means of which nearly all the experimental 
results were obtained are shown in Fig. 2. As shown here, the apparatus is adapted 


n=099 


Fig. 1. m against f at different » from eqn. (9). 


to measure the friction between perpendicularly crossed plane parallel layers of 
bristles, each layer being one bristle thick and consisting of various numbers of 
nylon 66 monofilaments of 0.051 cm diameter. The lower layer consists of evenly 
spaced parallel fibres attached by adhesive to a rectangular wooden platform. The 
upper layer consists of 18 cm long monofilaments evenly spaced over a width of 
about 4 cm and held parallel by means of strips of ‘“Sellotape”’ at either end. This 
layer is attached at one end to a small bakelite sheet which can slide along two guide 
rails, the other end of the sheet being attached to one end ofa coiled spring fixed at the 
other end. The numbers of monofilaments in each layer can be varied over a wide range. 

In making measurements the upper layer of fibres was loaded evenly over a given 
area by placing weights on a 3 mm thick perspex sheet, 7 cm long and 4 cm wide, 
resting on the fibres. The platform was then moved by means of a string attached to 
an electric motor over a frictionless pulley so that the upper and lower layers of fibres 
could slide perpendicularly over one another in a horizontal plane. The frictional 
force exerted on the upper layer was measured by the extension of the coiled spring. 

It was found that as the platform was moved away at a uniform speed of about 
I cm/sec the frictional force rose quite rapidly to a maximum value, which was 
approximately maintained as the movement proceeded. This steady value was 
measured by bringing the platform to rest in all cases after 4 cm travel and reading 
the extension of the coiled spring in this position. This frictional force corresponds 
to low-velocity kinetic friction. 
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Calibration was carried out by removing the upper layer of fibres and the platform 
(Fig. 2) and substituting a length of nylon yarn attached at one end to the bakelite 
platform and supporting over the pulley a pan for carrying calibration weights. ae 
calibration included the friction of the bakelite sheet against the guide rails. Since 
the bakelite was small in weight (about 5 g) its effect on the readings was small. 


ASS 


Fig. 2. Apparatus used for determining friction between crossed layers of bristle. Slightly modi- 
fied, this was used for crossed layers of yarn, etc. 


Owing to slight variations in the position of the pointer (indicating the spring exten- 
sion) during sliding it is not known whether the platform friction reduces or increases 
the deflection obtained in an actual friction experiment. This is because the platform 
friction can reduce or increase the reading, depending on whether the pointer deflec- 
tion has risen or fallen immediately before the reading is taken. In calibration, 
therefore, the maximum and minimum deflections were obtained with a given weight 
in the pan, these corresponding to the platform friction operating in opposite direc- 

‘tions. The two readings thus obtained were averaged and this was used as the cali- 
bration applicable to the average of a number of repeated readings in a friction 
experiment, it being observed that the platform friction tended to cancel out over a 
number of readings. In estimating the normal load the weight of the upper layer of 
fibres must of course be included. With nylon fibres this is small, but in some experi- 
ments using copper wires the correction was found to be appreciable. With copper it 
was found that wu is independent of the number of cross-over contact regions and 
the total load over a wide range. This implies that Amontons’s law is followed and 
also gives a useful check on the correct functioning of the apparatus. 

Some of the results with nylon bristles were obtained using an inclined plane type 
of apparatus similar to that described by HOWELL AND Mazur>. 

In experiments with crossed layers of yarn it was found best to form the lower layer 
by wrapping a continuous length of yarn round the platform in the direction of 
movement and the upper layer by wrapping a corresponding length round a Tufnol 
sheet 7 cm x 4 cm X 0.3 cm, this layer consisting of 4 cm lengths of yarn lying 
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perpendicular to the direction of movement. This was connected to the bakelite 
sheet on the guide rails and thus the coiled spring by means of a strip of thin poly- 
thene sheeting. In all these experiments it is important that the apparatus should be 
properly levelled. 


RESULTS 
Crossed layers of nylon bristles 


The results obtained with various numbers of Nylon 66 monofilaments of 0.051 cm 
diameter sliding perpendicularly over one another are shown in Fig. 3 as a plot of 
logio wu against logio W, where W is the total load. The appropriate relationship is 
equ=(10), 7.2 


log wz = log f a C1-™ + (n —1) log W 


The slope (7 — 1) of the lines in Fig. 3 implies an ” value of about 0.6 in all cases. 
This indicates a maximum possible m value corresponding to 6 = 0 of about 0.6. 
This value lies between the elastic values of 0.5 and 0.67 referred to above for a 
cylinder and a sphere against a flat. The results therefore suggest that m = 0.6 is 
near to the true value in the present experiments, with 6 = o. 

Fig. 3 shows an increasing intercept as the number of fibres in the layers is in- 
creased, and this is presumably due to an increase in the total value of N=C 


log W(g) 


Fig. 3. was a function of total load in g for various numbers of crossed nylon 66 bristles of 0.051 cm 
diameter. The numbers in parentheses denote the calculated numbers of fibre-to-fibre contacts. 
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(eqn. (4)). Since fa is not known, absolute values of N cannot be calculated, but the 
ratio of any two values of N can be obtained from the ratio of the appropriate inter- 
cepts in Fig. 3, fa remaining constant. Thus for pairs of crossed fibres under the 
load (as in Fig. 2) numbering in all 1, 4, 17, 508 and 6730 in different experiments the 
corresponding multiplying factors to the N value for crossed single fibres were found 
to be I, 4, 9, 20 and 58. This implies that for large numbers of crossed fibres only a 
small proportion make contact at a fibre-to-fibre cross-over. This seems to be due to 
the comparative rigidity of the assemblies in these cases, the contact region resem- 
bling somewhat that between two rigid solid surfaces which touch at only a few of 
the more prominent points. The range of loads per indentation area over which the 
condition of constant NV appears to apply in the above experiments is 0.7 to 35 g per 
fibre-to-fibre cross-over. 


Crossed layers of staple yarn 

It was found that conditions of constant N were obtained at low loads when 
sufficiently numerous lengths of staple yarn were used to form the crossed layers of 
yarn. In Fig. 4 the results are shown for different materials using an upper layer 


: (og 
2 


“4, 


x 
; N\ + log W(g) 
Ape lig 12) SES) 4 PSNGTOs PT (PGi :9e Dye D5) age aus cen ee 


SS » 
mi + 
Ne Ee 
7. 
-af De “ ar" 


R. 


Fig. 4. was a function of total load in g, for crossed layers of staple yarn about 1 mm in diameter 
© Viscose 60 yarns on 33. Twist 3.7 T.P.I., denier 4.5, staple length 8 in. 
+ Jute 60 yarns on 33. Twist 2 T.P.I., denier 12, staple length 2 in. average 
x Nylon 60 yarns on 34. Twist 2 T.P.I., denier 6, staple length 6 in. 
e Terylene 67 yarns on 34.5. Twist 2 T.P.I., denier 6, staple length 6 in. 
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Fig. 5. w as a function of total load in g for crossed layers of staple nylon yarn as in Fig. 4. 
© 60 yarns on 34; X 4 yarns on 34; + 4 yarns on 4. 
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Fig. 6. w as a function of load per yarn-to-yarn cross-over, the description of the points being 
the same as in Fig. 5. 
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consisting of 60 lengths of yarn (each about I mm in diameter) sliding perpendicu- 
larly over a lower layer of 30 yarns. The ordinate is log and the abscissae log W, 
where W’ represents the total load. 

The lines in Fig. 4 indicate m values for jute of 0.55, viscose 0.6, Terylene 0.61 and 
nylon 0.56. These values are similar to those obtained for crossed nylon monofila- 
ments and suggest that f is again zero and » =m. 

At higher loads per yarn-to-yarn cross-over (obtained by reducing the number of 
yarns in each layer) it-appeared that B was no longer zero since the gradient (nm — I) 
became less steep, as shown for example by the results for nylon yarn in Figs. 5 and 6, 
In Fig. 5 log yw is plotted directly against log W, where W is the total load, giving 
separate curves for each of the three experimental arrangements (1.e. 60 yarns sliding 
on 34, 4 on 34 and 4 on 4). In Fig. 6 log wu is plotted against log (W/60 x 34), log 
(W/4 x 34) and log (W/4 x 4) respectively, so that the abscissae now refer to average 
values for a single yarn-to-yarn cross-over using the same data as in Fig. 5, an 
interesting feature being the continuity that results from this method of treatment. 
This continuity implies that is a monotonic function of the pressure between a 
pair of crossed yarns and does not depend on shape or size of the sliding surfaces. 


From eqn. (2) 


"0. (=) (11) 
N=W (A) (12) 


If N and W refer to the average number of asperity contacts and load at a single 
yarn-to-yarn cross-over, eqn. (12) enables N to be obtained as a function of W from 
the experimental results if fa is known. The difficulty here is that a refers to a 
single asperity and is unknown. From the work of PASCOE AND TABOR with reference 
to single asperity contact® it would seem that a reasonable figure to assume for fa 
is about 0.1, although this is liable to be in error with a consequent error in the 
absolute value of N calculated from eqn. (12). However, absolute values are perhaps 
less important than the form of the N-W relation which is independent of the par- 
ticular value of fa assumed. If, for example, the w—-IV results shown in Fig. 6 for nylon 
yarn are substituted in eqn. (12) with m= 0.56 (as referred to above for 6 = 0) 
and with fa = 0.1, the relation between N and W can be found. In Fig. 7 log N is 
plotted against log W to give one continuous curve. If log (total N) is plotted against 
log (total W) for each of the three experimental arrangements, separate curves are 
given. Results like this were also given by yarns of other fibres, suggesting that it is 
reasonable to assume in these experiments that 4 and N depend only on the pressure 
between the sliding surfaces. 

The following approximate relations appear to hold for the entire load range 


N =-No for W = 0 to Wo (13) 
N =No+ K(wW— Wo) for W > Wo (14) 
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The physical significance of these equations appears to be that No represents the 
number of contacts due to easily deformed individual fibres projecting from the main 
body of the yarn, whereas K(W — W») is the factor due to deformation of the bulk 
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Fig. 7. Number of asperities as a function of load for a single yarn-to-yarn cross-over, the de- 
scription of the points being the same as in Fig. 5. 


of the yarn itself. The latter factor appears to operate only for loads exceeding a 
minimum value of Wo. Both K and Wo vary from one fibrous material to another 
and some approximate results are given in Table I for the yarns described in Fig. 4 
as a rough indication of the order of magnitude of these parameters. 


TABLE I 
Material of staple Kg" - 
vets . (average) Wo (8) 
Viscose 17) 0.15 
Jute 24 0.10 
Nylon 6.3 0.11 
Terylene 14 0.03 


Continuous filament yarn against Tufnol 


The friction of nylon 3-ply continuous filament yarn against a lower surface of 
Tufnol sheeting was obtained, the upper layer consisting of lengths of yarn each 
7 cm long. This upper layer was formed by winding the yarn on to a Tufnol sheet 
(7 cm X 4cm X 0.3 cm) with the yarns parallel to the direction of motion, attach- 


ment to the coiled spring being as previously described. 
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Fig. 8. was a function of load in g/cm of yarn for nylon 3-ply continuous filament yarn consisting 

of 480 filaments of 7.5 denier sliding against a Tufnol sheet. Twist of yarn 5.5 T.P.I., ply twist 

6 T.P.I. © 39 yarns parallel to direction of motion, yarns abraded; x 38 yarns parallel to direction 
of motion, yarns unabraded. 
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Fig. 9. Average number of asperities per cm of yarn as a function of load 
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In Fig. 8 (lower curve) log yw is plotted against log (W/cm of yarn) for 38 such yarns 
sliding against Tufnol. The value in this case is 0.83 at low loads rising to 1 at high 
loads. Assuming m to be 0.6, the corresponding values of , from eqn. (8), are 0.58 
and 1. Also shown (Fig. 8 upper curve) are results obtained when the yarn is lightly 
abraded to produce a certain amount of hairiness on the surface. The value of yu is 
increased, the slope indicating an n = m value of about 0.66 with 6 approximately 
zero. Plots of N against W (each per cm of yarn) using eqn. (12) with fa = 0.1 and 
m = 0.6 are shown in Fig. 9, suggesting that the increase in ys is due to additional 
contacts formed by the easily deformed surface fibres of the abraded yarn. alae 
following approximate relations appear to hold: 


N = K W (continuous filament yarn) (15) 


N =No+ K W (abraded yarn) (16) 


where N and W refer to values per centimetre of yarn. 

As before, it was found by using different numbers of similar yarns that wand N 
are monotonic functions of pressure. Thus Fig. 10 shows yz to be a continuous function 
of W per cm of yarn, using an upper layer of 39 lengths of abraded yarn in one 
experiment and of 4 lengths of yarn in another experiment, each sliding on Tufnol. 
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Fig. 10. was a function of load in g/cm"of yarn for nylon continuous filament yarn (as in Fig. 8) 
sliding against Tufnol. © 39 abraded yarns parallel to direction of motion; [| 4 abraded yarns 
parallel to direction of motion. 
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A direct plot of against total load W, however, gives separate curves in much the 
same way as in Fig. 5. Similarly, a plot of N against W (each per cm of yarn) shows a 
continuous straight line with a fixed slope and intercept (eqn. 16), whereas this is not 
the case for total N against total W. In the latter case, two straight lines of equal 
slope are obtained, but the intercept is very much greater for the 39 yarns than for 


the 4 yarns. 


Fringes sliding over one another with their fibres parallel 


A thin fairly uniform layer of nearly parallel staple viscose fibres was cemented 
at one end to the bakelite platform, thus forming a fringe of fibres as in the work of 
Lorb?2. These fringes were prepared manually by doubling, drawing and combing a 
selected small sample in order to render the fibres nearly parallel and with their mid- 
points along a line perpendicular to their length axis. All the fibres in the fringe were 
cemented to the bakelite, any loose fibres being removed during combing. The 18 
denier viscose fibres were about 18 cm long, the fringes being 4 cm wide and weighing 
about 30 mg/cm2. One fringe was placed on top of another with their fibres parallel, 
the lower fringe being attached to the wooden platform (Fig. 2) whilst the upper 
fringe was attached by means of the bakelite to the coiled spring. The area of loading 
was fixed by using a perspex sheet, as before, to carry the load. 

It was found that the results were basically similar to those described above for 
abraded continuous filament nylon yarn. Equation (16) applied, the symbols in this 
case referring to unit apparent area of contact between the fringes. Once again the No 
term would appear to represent contacts due to loose and easily deformed surface 
fibres, whereas the KW term would presumably result from deformation due to 
inter-fibre slippage within the fringe, this producing more fibre-to-fibre contacts 
between the sliding surfaces as the load increases. 


Cloth against Tufnol 


Upper surfaces consisting of cloth manufactured from staple yarn or of layers of 
staple yarn were slid against a Tufnol lower surface to give friction results indicating 
deformation laws similar to eqn. (16) the symbols now referring to unit apparent 
area of contact. The No term appears, as before, to depend on the existence of loose 
surface fibres and Fig. 9 shows that this term only becomes small when relatively 
closely packed continuous filament yarn is used. 


Felt against Tufnol 


Wool felt is a different type of fibre assembly from those discussed in that the 
fibres are arranged at random, and thus it might be expected that the law of deforma- 
tion would be different from that of the other fibre assemblies. This was found to be 
the case for an upper surface of felt sliding against a lower surface of Tufnol. In Fig. 11 
a plot of log « against log HW’/cm2 is shown. At high pressures (instead of at low as 
with yarns) the slope (m — 1) tends to roughly —o.4, indicating m = 0.6 with B =o. 
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If N per cm? is calculated from eqn. (12), using fa = 0.1 and m = 0.6, and plotted 
against W per cm?, Fig. 12 is obtained. This shows that increasing numbers of fibres 
are at first brought into the contact region as the load increases, the structure of the 
felt imposing a limit to this tendency at higher loads since inter-fibre slippage cannot 
occur to any appreciable extent, with the result shown in Fig. 12. 
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Fig. 11. w as a function of the pressure in g/cm? for felt sliding against Tufnol. © Area of felt 
28.65 cm?; x Area of felt 3.65 cm?. 
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Fig. 12. Average num 
described in Fig. 11. 


The effect of deformation losses on the friction 


Two types of deformation, 1.¢. “static” and “dynamic” may occur in experiments 
such as those described. For example “static” deformation occurs when an upper 


specimen consisting of a fibre assembly such as a layer of yarns slides over a lower 
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solid surface so that the whole of the assembly is permanently compressed as it slides. 
In this case ys depends only on the pressure (as in Fig. 6) and is independent of the 
size and shape of the specimen. This condition applied in all the results given so far, 
but it is perhaps necessary to point out that shape and size effects have been observed 
under conditions where appreciable “dynamic” deformation occurs. For example, 
friction (which may possibly be due to deformation loss) is shown by a small rectangle 
of felt sliding on a large rectangle of the same material, the coefficient of friction 
depending on the size of the upper rectangle as well as on the pressure between the 
surfaces. This is presumably because the sliding produces ‘‘dynamic’”’ compression 
at the forward edge, which, owing to hysteresis, causes a deformation loss and thus 
an increase in the frictional force?. However, in most cases the treatment given in 
the present paper is adequate. 


DISCUSSION 
The deformation of asperities 


The experimental results have been shown to give a value of the load index m 
(eqn. 3) for a single asperity of the fibrous material, which implies purely elastic 
deformation. All reported frictional experiments with fibres appear to have given 
values of the load index m in eqn. (1) varying between 0.6 and 1, and this has some- 
times been interpreted as representing partly plastic and partly elastic deformation 
of asperities. In the theory given above it is shown that values of this index between 
0.67 and I are difficult to interpret precisely because they may arise from partly 
plastic and partly elastic deformation or from purely elastic deformation, with the 
number of asperities increasing with load or equally from some combination of these 
circumstances. Only if m = 0.67 or slightly less is it possible to deduce the type of 
deformation, which must in this case be elastic. The present work appears to show 
that under suitable experimental conditions the results do indicate purely elastic 
deformation without any ambiguity over a substantial range of loads (e.g. 0.7 to 
35 g for crossed nylon bristles). It may be that at heavier loads plastic deformation 
also occurs, but in the present experiments dealing mainly with fibre assemblies 
there is no evidence of this. Since fibre assemblies are usually soft and flexible their 
friction may involve contact between a large number of asperities without therefore 
involving extensive bulk deformation of the fibrous material itself. 

The experimental results appear to be generally consistent with the adhesion 
theory‘ of friction. Since fibres are essentially viscoelastic, times of loading may be 
important, but this effect has not been investigated. 


The deformation of assemblies 


The variation of N with load has been found to depend on the type of fibre assembly 
involved. Absolute values of N cannot be obtained without knowing the value of a 
for different polymeric materials in eqn. (3). The picture presented is, therefore, 
somewhat qualitative, the form of the N-W relation having been obtained by assum- 
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ing a reasonable value for a. The following equations appear to be typical of the 
fibre assemblies mentioned, further details of these being given in the descriptions to 
the appropriate figures. The symbols refer to values for crossed single yarns where 
crossed layers of yarn are concerned, and for yarn against Tufnol they refer to a centi- 
metre of yarn. For fringes and cloth or felt against Tufnol they refer to a square 
centimetre of apparent contact area. 


Equation Example of assemblies involved 


(a) N = No = const. Crossed nylon 0.051 cm diameter bristles. Crossed 
layers 2 staple yarn (60 x 34) at low loads only. 
(Fig. 7 

(b) N = KW (K = const.) Continuous filament yarn against Tufnol. (Fig. 9) 
lower curve). Felt against Tufnol at low loads. 
(Fig. 12) 

(c) N= No+ KW Abraded continuous filament yarn against Tufnol. 
(Fig. 9, upper curve). Fringes sliding over one 
another with their fibres parallel. Staple yarn and 
cloth against Tufnol. 

(d) N = No for W = oto Wo Crossed layers of staple yarn, the load per yarn 

N = No + K(W—Wo) for W > Wo cross-over varying from 0.013 to 30 g. (Fig. 7) 


For felt it was found that, although at low loads eqn. (b) applied, at higher loads N 
appeared to tend to a constant maximum value independent of load, owing presum- 
ably to the absence of inter-fibre slippage such as can occur with yarns or fringes up 
to much higher loads. 

It is of interest that for all the fibre assemblies investigated except felt and the 
layers of nylon bristle the deformation at high loads is characterised by eqn. (b), 
which implies that the average load per asperity, W/N =1 |K, tends to a limiting 
maximum value with increasing load. On the assumption made above that a 0.1 
for a single asperity, the maximum load per asperity ranges between 50 and 200 mg 
for the cases considered above. These figures may well be considerably in error 
(depending on the correctness of the value of a assumed) but the existence of a 
maximum illustrates the effect of the simultaneous operation of two different types 
of deformation, i.e. deformation of the polymeric material within a fibre and that of 
the assembly as a whole due to inter-fibre slippage. As a consequence of the latter, 
there appears to be an upper limit to the average localised load on the polymeric 
material of a given asperity, and, therefore, of a given fibre. It is possible that some 
of the increase of N with W is due to an increase in the number of asperities at a 
single fibre-to-fibre contact with load, but the evidence as a whole suggests that 
this number remains approximately constant, the increase being entirely due to the 
deformation of the assembly, thus bringing more fibres into the contact region. If 
N = KW is substituted in eqn. (11) we obtain 


= faKi-m (17) 


This shows that under these conditions y becomes roughly independent of load and 
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apparent contact area, though depending on the value of K. The experimental results 
have suggested that K is characteristic of the assembly as a whole, e.g. for a yarn it is 
a function of the material of the fibre, its denier, staple length and surface condition 
and of the yarn twist and count. Equation (17) is equivalent to Amontons’s law, the 
interpretation being quite different from that usually employed in the case of metals. 
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fit WEAR*‘OF STEEL RAILS AND TYRES IN RAILWAY SERVICE 


J. DEARDEN 


British Railways Research Department, Derby (Great Britain) 


SUMMARY 


The wear of rails and tyres is reviewed from the point of view of the railway engineer and 
metallurgist, and the subject is treated on the macro- rather than the micro-scale. 

After a brief statement showing the magnitude and the economics of the problem as it affects 
British Railways, the author gives numerical values for rail and tyre wear under different con- 
ditions. The factors having an influence on wear are discussed, and some of them evaluated. 

While both rails and tyres have their rate of wear accelerated by atmospheric corrosion, tyres 
have also to be re-profiled at intervals and the metal removed in this operation is often greater 
than that removed by wear. 

Methods of reducing the wear of rails and tyres are discussed. 


ZUSAMMENFASSUNG 


DER VERSCHLEISS VON STAHLSCHIENEN UND REIFEN IM EISENBAHNBETRIEB 


Fs wird eine Ubersicht iiber den Schienen- und Reifenverschleiss gegeben und zwar vom 
Standpunkt des Eisenbahningenieurs und Metallurgen, wobei hauptsdchlich im Grossen zu 
messende Erscheinungen besprochen werden. 

Nach einer kurzen Behandlung des Umfangs und der wirtschaftlichen Bedeutung des Problems 
bei den britischen Eisenbahnen, werden Zahlenwerte fir Schienen- und Reifenverschleiss, unter 
verschiedenartigen Bedingungen mitgeteilt. Faktoren, die diesen Verschleiss beeinflussen werden 
besprochen und die Grésse einiger dieser Faktoren ermittelt. 

Atmospharische Korrosion beschleunigt sowohl die Verschleissgeschwindigkeit der Schienen 
als auch die der Reifen, jedoch muss bei diesen das Profil in gewissen Zwischenraumen erneuert 
werden, wobei der Metallverlust haufig grésser ist als der beim Verschleiss. 

Schliesslich werden Methoden, um den Verschleiss von Schienen und Reifen zu vermindern, 
besprochen. 


I. INTRODUCTION 


The essence of railways is the provision of mass transport in self-guided vehicles 
under conditions of very low tractive resistance made possible by the rolling of 
flanged steel wheels along steel rails. The inter-action between these most essential 
railway components causes mutual wear, which is usually the deciding factor in the 
repair period of vehicles and the renewal of the track. The annual loss of metal caused 
by this mutual wear is estimated to be of the order of 50,000 tons on British 


Wear, 3 (1960) 43-59 


44. J. DEARDEN 


Railways, plus a further 10,000 tons removed from worn tyres during re-machining 
to correct profile. 

The magnitude of these figures suggests that rail and tyre wear may well be the 
largest and most expensive wear loss from a single cause in any one organisation. 
Throughout their existence, railways have endeavoured to minimise this wear but 
the choice of wear-resisting materials is limited by the need for toughness in these 
components, which are subject to severe impacts as well as to wear. 


2. ECONOMICS 


This loss of metal requires the annual purchase of about 200,000 new tyres and 
solid wheels (all equivalent to 52,000 tons of tyres), and costing about £ 4,500,000, 
and of about 250,000 tons of new rails costing about £ 11,000,000; there is additional 
expense in machining, fitting and laying these new components, and also about 
£ 3,000,000 credit for the scrap value of the worn components. 

Tyres are continuously supported by their wheel centres and can therefore be 
allowed to lose 1-1} in. in thickness according to type, equivalent to about 40% 
of the original weight ; because of this large loss in weight and the relatively low value 
of scrap steel, the credit received for worn tyres is only about 13% of their original 
cost. Consequently, the net cost per ton of the metal lost through wear and machining 
is 2-3 times that of a ton of new tyres. 

Rails are supported only at intervals of about 2 ft. 6 in. and therefore have to 
resist bending moments due to vertical and lateral forces imposed by wheels. It is 
therefore the usual practice to remove them from main lines after they have lost 
about a quarter of an inch from the running surface ; those rails which are in a service- 
able condition may be re-laid in secondary lines and sidings and under these less 
onerous conditions they may be allowed to lose a further quarter or half inch in height 
before being scrapped. 

Taking the case of a 109 lb. flat bottom rail losing five-eighths of an inch in height, 
this is only 16% of the original weight, and the credit received for scrap rails is about 
25% of the original cost. 

Because of the low percentage loss in weight compared with tyres, the net cost 
per ton of the metal lost through wear is 4-5 times that of a ton of new rails. 

Thus, in spite of tyres being about 50% dearer per ton than rails, there is a greater 
economic incentive to prevent wear in rails than in tyres, though prevention of tyre 
wear may also be desirable in order to prolong periods between repairs to vehicles. 

Further proof of the greater economic importance of rails compared with tyres 
comes from an estimate of the relative wear and cost of maintenance and renewal of 
all tyres and rails in one of the Regions of British Railways. Despite the much more 
intensive use of tyres compared with rails, plus the additional removal of metal from 
tyres by braking and machining, plus the fact that the majority of tyres are 1.8 
times as wide as rails, rails as a whole lose about 2.4 times as much weight as the 
tyres in this Region. The corresponding ratio of costs is 1.8. 
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One reason for this is that the total length of the rails in the running lines and 
sidings is 26,400 miles, while the total circumference of all the tyres is only 3,800 
miles. This 7 to ratio becomes To to 1 for British Railways as a whole, and as high 
as 40 to I on some Continental railways, so that the rail/tyre cost ratio in these cases 
might be expected to be even greater than the value of 1.8 estimated for one particular 
Region. 


3. PERFORMANCE 


There are about 5 million tyres (including solid wheels) and the length of the 
running lines on British Railways is equivalent to 6.3 million sixty-foot rails. Under 
average conditions, I tyre in about 4,000 locomotive and tender tyres and 1 tyre in 
about 6,000 wagon, tyres fails by cracking or breaking before they are worn down 
to their official scrapping size. Tyres make 40-300 million revolutions during their 
life, depending on the type of vehicle and service involved. 

Rails are used in the black condition, unmachined, and supported at intervals on 
ballast which is not permanently stable. They are therefore not so resistant to fatigue 
as machined and continuously-supported tyres. It is not surprising therefore that 
1 plain rail in about 350 rails has to be removed prematurely from the track on 
account of cracks, breaks or damage during an average life of 23 years in running 
lines. Rails carry 5-40 million axles during their life, depending on the class of track 
and service involved. 

Very few broken rails or tyres cause train accidents, and a broken rail is very much 
less likely to cause one than a broken tyre. There is thus a much greater need to 
avoid fractures in tyres than in rails, and the design, composition, manufacture and 
scrapping sizes are all chosen with this fact in mind. 


4, RAIL WEAR 

Although rails are 2$ in. wide, the rolling path of the wheels is usually only about 
24 in. wide, and it is the removal of metal from this path which accounts for most of 
the loss of section in service. This is called ‘‘rail top wear” or “vertical wear’ to 
distinguish it from the lateral wear which arises from the horizontal pressure of wheel 
flanges against the inner (gauge) corner of the rail. Except when stated, the subse- 
quent text refers only to vertical wear in straight or nearly straight track, at locations 
in the open where trains are neither accelerating or braking; loss of height caused 
by battering or pounding has also been excluded. 

The rails are inclined inwards at 1 in 20 and the treads of the tyres are coned 
similarly. This feature provides a centring effect and avoids the tendency for a pair 
of wheels having cylindrical treads to run with the flange of one persistently against 
the rail, thereby causing undue lateral wear of both flange and rail. Actually, the 
I in 20 coning causes the wheels to pursue a sinusoidal path along the rails, with a 
slow lateral oscillation within the total clearance between flanges and rails, amounting 
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to £in. with new tyres and raus, and up to 1} in. when both are worn. At any position 
other than central, the wheels are rolling on different diameters, and as they are fixed 
to the axle, one or both must slip slightly and cause mutual wear. On a curve some of 
the outer wheels run hard against the outer rail and thus roll on a bigger diameter 
than the inner wheels, but this slight differential action is only correct for a particular 
combination of curve radius and wheel diameter. (R = 940 D in the case of 3 in. 
flange clearance.) 

Mutual wear of rail top and tyre tread can also arise from lateral forces which arise 
out of the lateral oscillation of the vehicle and its axles. In the absence of such forces, 
and with wheels rolling smoothly on equal diameters, mutual wear will still occur 
through minute relative movement on the contact area as it is elastically deformed 
by the application and removal of the wheel load. 

Methods of wear measurement have included different systems of recording the 
profile of the rail or of measuring its vertical height, with precautions against corrosion 
of the surface which serves as a datum for the measurement of wear. As 5—Io years are 
needed to obtain a reliable measure of the wear by these methods, a new instrument 
known as the Rail Contorograph was acquired; this magnifies the vertical wear 
tenfold and thus enables reliable results to be obtained in a shorter time. 

Starting with a new rail, there is an initially-rapid rate of wear as the soft decar- 
burised layer is removed and the underlying metal develops a work-hardened wear- 
resisting skin. There is also some change in profile because of more rapid wear at the 
gauge corner than elsewhere, but ultimately the rail achieves a running profile which 
may change only very slightly during the course of time. 

When this stage has been reached, it is clear that vertical wear is the same any- 
where on the rolling path worn by the wheels. Nevertheless, it can be shown, by 
applying a thin coat of quick-drying white paint to the running surface, that about 
g0% of the wheels make contact only along a central strip }-1} in. wide. This strip 
is often worn bright in contrast with the bluish-grey margins of crushed rust traversed 
by the small minority of wheels. It is obvious that the specific wear of this central 
strip must be very much less than that of the dull margins. 

At this point it is opportune to state that comparisons of the wear of rails 3 in. 
wide and rails of the normal 2} in. width have shown that the extra quarter-inch 
width did not reduce the vertical wear. This suggests that the rate of wear is governed 
by what happens on the central strip where the majority of wheels roll. Although the 
3 in. wide rails were 0.05% higher in carbon content, they lost about 20% more in 
section than the 2} in. wide rails. The use of rails narrower than 23 in. has not been 
investigated since this width is needed for strength purposes as well as for providing 
a rolling path. 

Traffic has been assessed by the number of axles passing, and this has been esti- 
mated from sample counts of trains per week and of axles in different kinds of train. 
More recently the axles have been counted by electro-magnetic axle counters. 

The wear on a rail is proportional to the number of axles which have passed, but 
when rails on different routes are plotted together on this basis, the result is a mean- 
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ingless scatter. This is because periods varying between 4 months and Io years are 
required for a million axles to pass on different routes. 

Various methods have been tried when plotting the results so as to demonstrate 
the effect of the number of axles and the duration of time on the wear of rails, and it 
has been found expedient to plot the specific wear (inches per million axles) on a 
basis of traffic density (axles per annum) as in Fig. I. 
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Fig. 1. Specific wear of rails in open rural situations. 


5. INFLUENCE OF CORROSION ON RAIL WEAR 


If wear were directly proportional to axles, the specific wear would be approxim- 
ately the same at all traffic densities ; but Fig. 1 shows that specific wear decreases with 
increasing traffic density. The cause of this is clearly some wear-promoting influence 
dependent on time, since rails which carry a million axles in Io years show about three 
times the specific wear as rails which carry a million axles in one year. 

This influence is considered to be atmospheric corrosion, whether caused by rainfall 
or humidity. The running surfaces of rails are particularly prone to atmospheric 
corrosion because the traffic crushes and removes the rust which would otherwise 
provide partial protection against corrosion. Unused rail steel exposed out of doors 
normally loses about 0.007 in. by corrosion during the first 2 years, but if the rust 
be removed by light abrasion repeated once a week for 2 years, the loss rises to 0.027 
inch, although the same degree of abrasion applied to an. uncorroded rail kept indoors 
removes only 0.002 inch in the same period. 

The running surfaces of rails thus suffer accelerated corrosion. If the traffic is infre- 
quent, the total loss due to combined corrosion and wear is associated with very few 
axles and the specific wear is high; this condition applies also to the dull infrequently- 
touched margins of frequently-used rails exhibiting a central bright strip. At high 
traffic levels the opposite applies and specific wear is relatively low, and even lower 
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where the rails are protected from rain as in tunnels on electrified routes not used by 


steam locomotives. 

The lowest specific wear has been found in the tube tunnels of the London Trans- 
port Executive where relative humidity is only 45-50% and insufficient to cause 
corrosion, even of bright clean rails. Oxidation of the running surface can, however, 


still occur by fretting action on the rail/tyre contact area. 


Fig. 2. Running surface of rail after 22 days (= 110,000 axles) without rain. Cleaned with cotton 
wool and alcohol. Magnification X_ I00. 


Fig. 3. Running surface of rail after 22 days (= 110,000 axles) without rain. After light cleaning 
with oo emery paper. Magnification x 100. 
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At the other end of the scale is the notoriously-rapid wear of rails in tunnels 
traversed by steam locomotives. Bare steel is particularly prone to attack from the 
sulphurous gases which linger in long tunnels long after the train has passed. Rails in 
such tunnels lose a greater proportion from their running surface (relatively to the 
remaining surface) than rails in the open and have to be renewed much more frequent- 
ly because of their rapid loss of section from all causes. 


Fig. 4. Running surface of rail after 36 days (= 180,000 axles) without rain. After thorough 
cleaning with oo emery paper. Magnification  I00. 


Fig. 5. Running surface of rail on infrequently-used line. After 37 days (= 14,000 axles) without 
rain. Cleaned with oo emery paper, followed by cloth and metal polish. 
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The condition of the running surfaces of rails in the track has been studied betweest 
the passage of trains with the aid of a microscope, and a selection of photo-micro- 
graphs are reproduced in Figs. 2-5. They represent conditions at the Coulee of the 
running surface towards the end of a long spell of fine weather on a line carrying 
go trains per day (6 trains per day in the case of Fig. 5). 

In spite of the prolonged absence of rain, the actual steel was still covered with a 
thin layer of crushed rust, probably the product of humidity corrosion and fretting 
corrosion. The microscopic appearance of the running surface after successive stages 
of cleaning is shown in Figs. 2, 3 and 4 (not the same field). The bright areas are bare 
steel, and the dark areas are corrosion pits containing crushed rust. This pitted con- 
dition of the running surface cannot be regarded as ideal for resisting wear, and it 
accounts for part of the acceleration of wear due to corrosion. Fig. 5 illustrates an 
extreme case of this condition on an infrequently-used line. 
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Fig. 6. Specific wear of rails in 
open rural situations. 


inches 
9 9 OP Do fe) 
ce) Oo 39 0% fe) 
OF oO i) 
8 : Oo MO fe) 


Specific wear 


Ol 0.2 04 06081 25 34°35 
Axles per annum (millions) 


Fig. 7. Specific wear of rails in straight 
track under different conditions. 


The values of specific wear shown in Fig. 1 have been re-plotted on logarithmic 
scales in Fig. 6, In the absence of corrosion, or if corrosion had no influence on wear, 
the trend of wear values in Fig. 6 would be horizontal. If corrosion were entirely 
responsible, the trend would be along lines inclined at 45° to the horizontal. Lines 
embracing most of the values have been drawn at 27° to the horizontal, and it is 
submitted that they agree reasonably well with the upper and lower limits for such 
conditions. There is insufficient evidence to show whether this relation also obtained 
in the more extreme conditions of tunnels and tubes. 
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The reason for the choice of the 27° inclination of the lines in Fig. 6 is that it 
represents a simple square root law: 


K 


Specific wear per million axles = 
4/ Millions of axles per year 


Wear per year = K4/Millions of axles per year 


Approximate values for K as found in different conditions are given in Table I; 
they represent the annual wear when one million axles pass per year. 


TABLE I 
VALUES OF K FOR STRAIGHT TRACK UNDER BRITISH RAILWAYS CONDITIONS 
Location Atmosphere Traction K (inches) 

Tunnel Steam and smoke Steam 0.03 — 0.10 
Open air Industrial Steam 0.015 — 0.03 
Water troughs Water splash Steam 0.025 approx. 
Open air Rural Steam 0.011 — 0.018 
Open air Suburban Electric (B.R.) 0.011 — 0.018 
Tunnel No steam or smoke Electric (B.R.) 0.004 — 0.006 
Open air Suburban Electric (L.T.E.) 0.004 — 0.006 
Tube tunnel Dry and clean Electric (L.T.E.) 0.0015 — 0.0025 


Fig. 7 shows the specific wear under these conditions plotted on logarithmic scales. 
The wide range of wear for any particular condition is considered to arise from local 
variations in atmospheric pollution and humidity known as ‘“‘micro-climates”’, from 
variations in rail composition within the 0.40-0.60% range of carbon content allowed 
in the specification, and from differences in axle loads on different routes. 


6. INFLUENCE OF COMPOSITION ON RAIL WEAR 
The replacement of wrought iron by steel rails after the invention of the Bessemer 
process in 1856, and the subsequent increase in carbon and manganese contents of 
rail steel are evidence of the railway engineers’ efforts to reduce wear and increase 
rail life. Increasing the carbon content reduces the toughness of the steel, and im- 
proved wear resistance has been sought in Britain by increasing the manganese 
content. British Railways have been using medium manganese steel rails since 1935, 


TABLE II 


SUMMARY OF BRITISH STANDARDS 9 AND II FOR STEEL RAILS 


Open Acid 

hearth Bessemer 
Carbon a 0.50 — 0.60 0.40 — 0.50 
Silicon oh 0.08 — 0.20 0.08 — 0.20 
Manganese % 0.95 —1.25 0.95 — 1.25 
Sulphur % 0.06 max. 0.06 max. 
Phosphorus % 0.06 max. 0.06 max. 
Tensile strength ton/sq. in. 46 min. 44 min. 
Elongation % II min. II min. 
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and they are supplied to British Standards 9 and 11 for bull-head and flat-bottom 
rails respectively. 

A falling weight test, which is one of the most severe in the world, is also imposed 
as a safeguard against brittleness. 

In the literature of rail wear there are many opinions and few facts on the influence 
of composition on rail wear. The author has compared rails of different compositions 
at four separate rural sites, and has found much scatter in the values when plotted, 
with no clear-cut result to report. All that can be stated at the moment is that an 
increase of 0.1°/ in carbon content or its equivalent (C + Mn/3 + Cr/3) reduces 
the annual wear by 0.001 in. at places where the annual wear is of the order of 0.005— 
0.020 in. per annum. However, there is also some evidence that much greater reduc- 
tions in wear occur at places where the annual wear is more severe, such as on curves 
and under conditions of heavy axle loads and severe braking, and experiments are 
continuing. 


7, INFLUENCE OF BRAKING AND AXLE LOAD 


The values of rail wear given above have been taken on straight track away from 
situations where the braking or slipping of wheels is likely to occur, so as to eliminate 
a few of the many factors influencing rail wear. 

The influence of braking has been studied on two suburban electric lines at stations 
where almost every train stops. No increase of rail wear was detected during the first 
hundred yards of braking, but within the last 50-100 yards of the approach to the 
station, when the reduced speed would give greater brake power, there was a 25-50% 
increase in rail wear. At a point about the middle of a train standing in the station, 
where wheels are sometimes liable to skid to a stop, the increase in wear was up to 
100%, 7.e. the wear was doubled. 

The influence of axle load is less easy to measure since each location is traversed 
by a variety of axle loads ranging from 4 tons in the case of empty wagons up to 22 
tons in the case of certain locomotives; the proportion of locomotive, carriage and 
wagon axles varies widely between different routes. Wheel diameter could also have 
an effect in so far as it affects the area and pressure on the contact between wheel 
and rail. 

However, it can be reported that rails carrying trains in which loaded wagons 
predominate have been found to wear more rapidly than rails on the adjacent track 
that carries trains in which empty wagons predominate. Measurements are being 
continued and extended, so that definite values cannot yet be quoted. 

Measurements on a line where freight locomotive and tender axles accounted for 
90% of the axles passing showed the annual rail wear to be about double that caused 
by average mixed passenger and freight train traffic under otherwise similar condi- 
tions. While some of the additional wear might be due to the 16-18 tons load of the 
coupled axles of the locomotives using this line, it is thought that some of it might 
have resulted from the slight slipping action of coupled wheels that have worn to 
different diameters, but which are compelled to revolve together. 
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8. LATERAL WEAR OF RAILS 


Lateral wear is caused by the horizontal forces between the rail and the tyre flange 
arising out of the function of the flange in guiding the vehicle. Such wear is thus more 
noticeable on curves, and very prominent on sharp curves, especially when traversed 
by vehicles of long fixed wheel base; but it also occurs on straight track because of 
the lateral oscillation of the axles and the imperfections in the track. As more sliding 
is involved in lateral wear, it can be more severe than vertical wear. 

Lateral wear has been measured as the lateral shift of the rail profile, and has been 
found to range from nil to twice the corresponding vertical wear during the first 9 
years in straight track. 

On a 17 chains (340 metres) radius curve traversed only by multiple-unit electric 
trains, the lateral shift of the profile was 1.8—2.4 times the vertical wear, and on a 
47 chains (940 metres) radius curve traversed by express steam trains at 60-70 miles 
per hour, it was I.2-1.7 times the vertical wear. It would appear therefore that 
lateral forces on straight track are sometimes as high as on these curves. 

As the lateral shift of the profile continues, the worn inside face of the rail increases 
in depth, thus providing a greater contact area with the tyre flanges and decreasing 
the rate of lateral shift, but not necessarily the rate of removal of metal from both 
tyre and rail. 

It is only on curves of less than 25 chains (500 metres) radius that lateral wear 
becomes a prominent factor in determining rail life, and it can be reduced by lubricants 
which are applied to the flanges of the tyres, by devices in the track or on the locomo- 
tive. 


9. TYRE WEAR 


Some of the differences between tyres and rails have been summarised in Sections I, 
2 and 3 above. A further difference is seen in the number of grades of steel used for 
tyres and solid wheels in Britain. 


TABLE III 
SUMMARY OF BRITISH RAILWAYS SPECIFICATION NO. 100 FOR TYRES 
Class aah wtih hee ai Application 
B 42 — 48 18 —15 Wagons 
Cc 50— 56 13 —I1 Carriages 
CB 50 — 56 18 —15 Locomotive tyres, 4 ft. 11 in. to 5 ft. 5 in. inside 
diameter 
CB 
Oil-quenched 50-56 18—15 Locomotive tyres, 5 ft. 5 in. inside diameter and over 
and tempered 
D 56 — 62 1r— 9 Electric locomotives 
DC 56 — 62 13-11 Locomotive tyres, under 4 ft. r1 in. inside diameter 
B 63 — 69 1o— 8 Electric motor bogies 
ED 63 — 69 II- 9 as af 
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There is also a Class DC carbon—chromium—molybdenum steel used by the London 
Transport Executive; this has a minimum Izod notched bar impact value of 40 ft.lb. 
as an extra insurance against tyre failures in the severe conditions of the London 
underground railways. The quality of this grade is also controlled by a full chemical 
specification, whereas only sulphur and phosphorus are specified for the other grades. 

The application of the various classes of tyre steel is based on the principle that 
tyres which are subject to severe wear, either by heavy loads, frequent braking, or 
high number of revolutions, should be made of harder steel. Small differences in 
elongation for the same tensile strength provide a little extra toughness for applica- 
tions where freedom from failure is more important. 

Unlike rails, tyres do not wear to a fixed profile, but take on an increasing concavity 
or hollowness of the tread, while lateral wear progressively thins the flange. This 
localisation of wear produces a change from the original profile and ultimately causes 
the vehicle to ride badly. Limits for tread hollowness and flange thinness are there- 
fore laid down, and when tyres reach these limits, they have to be machined down to 
the correct profile. 


Metal removed by wear 


Metal removed by 
machining 


Fig. 8. Wear and re-profiling of tyres. 


Because of the geometry of the profile, extra metal has to be machined from the 
tread in order to bring the flange back to its original thickness, as shown in Fig. 8. 
The amount to be machined from the tread is often as much as or greater than that 
worn away in service; in tyres where severe lateral wear has left a thin “sharp” 
flange, the metal to be removed from the tread for this reason may be 3-4 times that 
worn away in service. One advantage of the 1 in 20 inclination of the tyre tread is that 
its geometry reduces the amount of metal which has to be removed for this reason, 
compared with a cylindrical tread which gives smoother riding but which suffers 
considerable flange wear. 

Unequal wear between a pair of tyres on the same axle, or between the tyres on 
the coupled axles of a locomotive, is also the cause of much machining away of unworn 
tyre steel in order to bring all the tyres involved to the same diameter. In these cases 
the total loss of metal on the tyres involved is governed by the amount of wear on the 
most worn tyre. In some cases a set of coupled wheel tyres has to be removed and 
scrapped prematurely because one of them has worn unduly in service, and to 
machine it down to the correct profile would bring it below the scrapping limit for 
thickness; the alternative is to replace the most-worn tyre by a new tyre which then 
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has to have much metal machined off it to bring it down to the same diameter as the 
next most-worn tyre. 

In this respect, tyres resemble cutting tools and pencils in that more material is 
removed from these during sharpening than by wear in service. When economic 
ccmparisons of tyre wear are being made, it is customary to include with the wear in 
service the metal removed in machining the tyres back to correct profile. 

When endeavouring to secure a general increase in tyre life, there is probably as 
much to be gained by ensuring equal wear on both tyres on the same axle, or on all 
the coupled tyres of a locomotive, as by the use of more wear-resisting steels. 

In the case of vehicles that traverse many or severe curves, flange wear is the 
deciding factor in the total loss of metal although a greater amount may be lost from 
the treads by actual wear. On other vehicles, and especially passenger vehicles 
operating on express trains, the hollowness of the tread is the deciding factor, since 
hollow treads promote rough riding. 

Tyre wear, measured as hollowness, is rapid at first. In the case of diesel rail car 
tyres, 3 ft. o in. outside diameter when new, wear during the first 5,000 miles (2.8 
million revolutions) was 2—3 times as rapid as between 5,000 and 65,000 miles. This is 
not because of a decarburised layer as in rails, since tyres are machined all over 
before going into service. During the first 5,000 miles the new tyre tread becomes 
work-hardened and more wear-resistant; the slight hollowness of the tread (0.020- 
0.025 in.) increases the contact area, thus reducing the contact stresses between 
rail and tyre. The maximum hollowness permitted in these tyres is 3 in. (3.2 mm) 
and this is reached after about 70,000 miles. 

Tyre tread wear proceeds by the hollowness becoming deeper and wider because 
of the lateral oscillations of the wheel on the rail. While the economist is interested 
in the total loss of metal from the tyre, including that removed during machining to 
profile, the investigator of wear fer se is interested only in the amount of metal 
removed from the tread by wear in service. This is usually measured by recording the 
worn profile at one point on a tyre, and then superimposing the original new profile. 
The difference between the two represents the worn cross-section and this is a measure 
of the metal worn from the tread. 

Tyres differ from rails in having tread widths of approximately 34 in. for carriage 
and wagon tyres, and 4 in. for locomotive tyres, compared with the rolling path on 
rails, which is generally about 2} in. wide. In order to put tyres and rails on the same 
basis for comparison, wear has been measured as the average loss of thickness over 
the worn path in both cases. If corrosion is a factor in tyre wear as well as in rail wear, 
this basis of comparison is better than one based on loss of cross-section of com- 
ponents of such different widths. 

The tyre profiles were recorded immediately prior to re-profiling, so that wear was 
approaching or up to the permitted limit. To eliminate the effect of braking, skidding 
and slipping, measurements were at first confined to the unbraked wheels of locomo- 
tives; these are known as bogie and pony truck wheels and they do no more than 
carry weight and help to guide the locomotive; their tyres are of Class DC steel, and 
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their diameter is usually 3 ft. 0 in. to 3 ft. 9 in., and they carry axle loads of 9-16 tons. 
The wear was related to the number of revolutions made by each tyre during its 
period of service, and these were calculated from the number of miles run by the 
locomotive. 

The results have been plotted as specific wear on logarithmic scales in Fig. g, into 
which the scatter limit lines for rail wear in Fig. 6 have been extended. The scatter is 
greater for the tyre results. This is because the wear is less uniform and the method of 
measurement is less accurate than that used on rails, and also because tyre wear is 
influenced by the nature of the routes traversed, and tiie axle loads and riding 
characteristics of the locomotive concerned, as well as by the distance travelled. 

Subsequent measurements were extended to include other kinds of tyre, and the 
areas that include the plotted points are indicated in Fig. 9. 


e Represents unbraked bogie and pony truck tyres 
c Represents carriage tyres 
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Fig. 9. Specific wear of tyres. Plotted on the same basis as for rails. 


It was surprising to find the lower values obtained from locomotive coupled driving 
wheel tyres overlapping those from bogie and pony wheels, since the former have to 
endure traction and braking forces, and being coupled, they are forced to revolve 
together on what may be slightly different diameters. Driving wheels are also of a 
softer grade of steel, Class CB, and they carry heavier axle loads, although, being of 
much larger diameter than bogie and pony truck wheels, the contact area on the rail 
will be larger and the pressure correspondingly smaller. A possible explanation is that 
bogie and pony truck wheels are at the ends of the locomotive where they do much of 
the guiding work; in this they may be subject to more frequent and severe lateral 
movement and slipping than the coupled wheels, which are in any case held in position 
by their heavier axle loads. 

The coupled driving wheels of locomotives engaged in shunting and in hauling 
heavy freight trains are subject to a great deal of slipping and braking in relation to a 
moderate annual mileage. The specific wear on their tyres is therefore high (0.01- 
0.03 in. per million revolutions). 
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Carriage tyres, though of Class C steel and subject to brake action, wear similarly 
to unbraked bogie and pony truck tyres; this may be because of their light axle load 
of about 8 tons. 

Wagon tyres have been included although the distance travelled was not known 
and had to be estimated from the number of years each wagon had been in service. 
Although of the softest grade of tyre steel (Class B) they appear even lower than 
carriage tyres in relation to the general trend of the scatter. Explanation may lie in 
the knowledge that wagons run fully loaded in a weight sense only on rare occasions, 
and that most of their mileage is accomplished when partially loaded or empty; in 
the latter case the axle load is only about 4 tons. No difference in wear (on a time basis) 
could be distinguished between 12 ton covered, 16 ton mineral and 27 ton iron ore 
wagons. These wagons rarely run with their brakes applied, and most of their mileage 
is done at low speeds, so that the lateral forces between tyre tread and rail may not 
be high. 

Most of the wear values for unbraked bogie and pony truck tyres come within the 
extended scatter limit lines for rail wear. This suggests that tyre wear, like rail wear, 
is influenced by the duration of time as well as by the number of contacts between 
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Fig. to. Annual wear of rails and tyres. 


wheel and rail. Atmospheric corrosion is dependent on time, and it appears to have 
an accelerating effect on the wear of tyres as well as rails. Tyres generally make about 
ten times more contacts per annum with rails than rails make with tyres; this makes 
the tread surface of a tyre correspondingly brighter and susceptible to rapid oxidation 


and corrosion. 
This view is supported by the general trend of carriage and wagon tyre wear in 
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Fig. 9, from which it is clear that increasing annual use reduces the specific wear. 

The scatter bands indicated in Figs. 7 and 9 have been redrawn in terms of annual 
wear in Fig. 10; logarithmic scales have had to be used to embrace the wide range of 
values involved. It must be remembered that the majority of tyres will have an even 
greater amount removed during re-profiling. If annual wear was proportional to annual 
use, the scatter band would have been inclined at 45° to the horizontal; if corrosion 
was entirely responsible for the annual loss of metal, the scatter band would have 
been horizontal. It is clear that both mechanical wear and corrosion are responsible for 
the annual loss, and the band has been drawn at 27°as in Fig. 6, and this represents 
a simple square root law: 


Annual wear = K 4/ Annual use 


IO. METHODS OF REDUCING RAIL AND TYRE WEAR 


Harder steels resist wear better, but their lower ductility renders their use risky. 
The compositions now used represent a compromise between wear resistance and 
ductility, and are based on long experience. Some Continental railways have had 
trouble with the shelling of the treads of tyres made in harder steel. The use of alloy 
steels enables hardness to be attained with less loss in ductility, but, with the excep- 
tion of manganese, such steels are too expensive for massive and expendable items of 
railway equipment such as rails and tyres. However, there may be a case for harder 
rails to reduce severe lateral wear on curves. 

Steel can be hardened by heat treatment, and this has been applied to the flanges 
of locomotive tyres by the process known as ‘‘flame-hardening”’; this produces a 
quench-hardened layer, leaving unaltered steel below to provide the necessary 
toughness. The flanges were hardened to 350-450 diamond hardness and this was 
sufficient to double the distance run for a given amount of tyre wear. A German 
process known as ‘‘Peddinghaus”’ is now available for the flame-hardening of tyre 
flanges under controlled conditions. 

In the Sandberg sorbitising process the running surface of a rail was locally hard- 
ened by a controlled water spray directed on to the surface of the rail while still hot 
from the rolling mill. Large quantities of rails thus treated have been used in the past, 
but most of them developed uneven wear in the form of corrugations that caused 
undesirable vibration and noise when trains passed over them. The application of the 
same process to tyres created residual stresses sufficient to cause some of the tyres to 
crack spontaneously before being put into service. 

The best way of reducing lateral wear of both rails and tyres is by lubrication; the 
lubricant can be applied to the flanges by devices in the track or on the locomotive, 
and such equipment is now widely used. 

With corrosion being a prominent factor in the wear of rails and tyres, it might 
be thought that a corrosion-resisting steel would be an advantage. Stainless steel is, 
of course, much too expensive for such expendable components, but the addition 
of 0.2-0.4% copper to ordinary steel produces a slow-rusting steel. Unfortunately, 
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this depends on an adherent and protective layer of rust for its slow-rusting property, 
and this would be removed from the running surfaces of rails and tyres. 

The author is of the opinion that longer rail life is more likely to be obtained by 
pursuing standards of design, manufacture and maintenance that will reduce the 
liability to failure and so permit rails to be left in the track longer than at present. 
In the case of tyres, lateral wear of the flanges has a big influence on the total metal 
removed by wear and machining, and therefore lubrication and flame-hardening of 
flanges offer means of reducing the total loss of metal. 
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A NEW METHOD FOR THE DETERMINATION OF 
WEAR OF MACHINE PARTS 


M. M. KHRUSCHOV 


Institute for the Study of Machines, Moscow (U.S.S.R.) 


SUMMARY 


Progress in the elimination or reduction of wear in machine parts depends on the development 
of methods which would make it possible to determine the amount of wear and its distribution 
over the rubbing surface. In order to decrease the duration of wear tests such methods should 
be highly accurate. Those described briefly in the present paper are based on the use of specially 
made reference marks. Among them the method of cut-out grooves, developed by the author in 
collaboration with E.S. BERKOVICH, seems to satisfy these requirements best. It has lately found 
practical application in the U.S.S.R.}. 


ZUSAMMENFASSUNG 


EINE NEUE METHODE ZUR BESTIMMUNG DES VERSCHLEISSES VON MASCHINENTEILEN 


Die Entwicklung von Methoden zur Verschleissmessung und zur Bestimmung der Verteilung 
des Verschleisses itiber die Kontaktoberflachen ist ein wichtiges Hilfsmittel bei der Bekampfung 
von Verschleiss in Maschinenteilen. Hohe Genauigkeit ist wesentlich um die Versuchsdauer 
abkiirzen zu k6nnen. Die im folgenden kurz beschriebenen Methoden beruhen auf der Anwendung 
markierter Bezugsflachen. Unter diesen ist die Methode der eingeschnittenen Kerbung, die vom 
Verfasser mit E. S. BERKOVICH entwickelt wurde, an erster Stelle zu nennen. Sie findet neuer- 
dings in cer U.S.S.R. Anwendung}. 


METHODS FOR THE DETERMINATION OF WEAR OF MACHINE PARTS 


Table I presents the various methods used in practice for determining the wear of 
machine parts. They are divided into several groups. 

Methods which give the total wear of the whole rubbing surface of one or several 
machine parts are described as integral. They include evaluation of wear: according to 
changes in the service properties of the respective parts; by weight loss of the part; 
and finally, by the content of worn-off metal particles in the lubricating oil. The 
amount of the latter can be determined by chemical analysis of crankcase oil samples 
taken periodically, or by measurement of the radiation intensity of the oil con- 
taminated by radioactive products of wear. This method has been developed in recent 
years and is known as the radiotracer technique. 

The material of a machine part can be made radioactive in several ways, v2z., 
radioactive elements can be introduced into the alloy of which the part is made; the 
finished part can be exposed to radiation in an atomic reactor; radioactive metal in 
the form of wire can be inserted into the machine part; the machine part can be pro- 
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vided with a galvanic coating containing a radioactive element. Just as in the case 
of chemical estimation of iron in the lubricating oil, it is the rate of wear which is deter- 
mined by the radiotracer method. The latter is highly sensitive. It provides a contin- 
uous automatic record and gives immediate results. Either of the two methods, 
especially the radiotracer one, is used with great success in modern investigations 
into the effect of various factors upon the wear of machine part surfaces. Both, 
however, require abundant lubrication to wash and carry away the products of wear. 
This prevents their application wherever there is no circulation of the lubricant. 

The most widely used method of wear evaluation is from the difference in linear 
dimensions of the respective machine part as measured before and after the test 
by means of a micrometer or some other contact instrument. However, the wear 
value obtained by this method may not have the desired accuracy because: (r) 
the difference in the diameter of an engine cylinder, for example, can be caused 
not solely by wear but also by the deformation of the cylinder surface ; (2) the repeated 
measurement of the same diameter (before and after the test) may involve an error 
due to the lack of coincidence between the directions of measurement. The errors 
pointed out under (x) and (2) will not be eliminated even if wear is determined from 
the change in the radial distance between the cylinder surface and some fixed position. 
(3) The application of contact-point-measuring instruments also involves some error, 
which varies with the difference of the tip pressure upon the measured surface (during 
the repeated measurements), with the degree of surface roughness, and with the dif- 
ference in the physical properties of different adjacent areas of the surface with which 
the instrument tip comes into contact during repeated measurements; (4) errors may 
be due to the different temperature of the instrument and the machine part measured 
or the gauge used in the calibration of the instrument. 

_Insome cases special profilographs can be used for determining the wear of machine 
parts. Not only the surface affected by wear but also a sufficiently large portion of 
unaffected material should be recorded on the profilogram, to serve as a reference 
surface in wear determination. Such profilographs should have a longer path and, 
sometimes, a smaller increase in height compared with the profilographs serving 
for surface roughness evaluation. 

Methods employing reference marks are based on the following simple principle: 
first, a small groove of a given profile narrowing towards the bottom is made on the 
surface investigated; the geometrical axis of the groove should be perpendicular 
to the surface and the local linear wear is determined along this axis. If the shape 
of the groove and its size on the surface are known, the position of its bottom, 7.e. 
the distance of the bottom from the surface, can be obtained by a simple calculation. 
During the wear of the surface the position of the bottom remains unchanged. Thus, 
the bottom serves as a reference mark for determining the distances to the wearing 
surface. 

Such grooves may be of various types (Fig. 1): an indentation in the form of a 
pyramid or cone; a drilled-out conical groove or hole; a cut-out, abraded-out, or 
ground-out groove of different profile. 
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The grooves should not be too deep lest the service properties of the machine 
part be impaired. The size of the groove is measured at the surface by means of a 
microscope, i.e. without contact. Each groove permits local wear to be determined. 
By making numerous grooves the distribution of wear over the rubbing surface 
can be determined. 

The grooves can be divided into two groups, those made by indenters of different 
form, and those obtained by cutting, whereby the metal is removed in the form of chip. 


Fig. 1. Various forms of grooves converging towards the bottom: 1, spherical segment; 2, square- 
base pyramid; 3, rhombic pyramid; 4, cone; 5, cylindrical groove; 6, groove formed by two hyper- 
boloids of revolution (or two cones). 


Fig. 2. Interference bands aro i - i i i 

ie Bs eens if around an impres Fig. 3. The ridge formed around an impres- 

@ y a diamond square-base pyramid sion made by a diamond square-base pyra- 
SA . "Fae po * Fe 

in hardened steel (C, 1.0%; Cr, 1.5%) X 330. mid has been removed by careful grinding. 


WEAR DETERMINATION FROM THE ALTERATION OF THE INDENTATION SIZE 


When a pyramid-, cone-, or sphere-shaped indenter is pressed into metal, the metal 
rises around theindentation, or is said to be “piled up’’, with the result that the smooth- 
ness of the surface of a machine part is impaired. After the indenter is removed 
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elastic recovery of the material takes place, which accounts for the fact that the 
indentation acquires a form somewhat different from that of the indenter. 

The piling-up of material around the indentation made by a square-base pyramid 
is evident from the interference pattern (Fig. 2); the area occupied by this extruded 
metal can be detected also after the ridge formed around the indentation has been 
carefully ground off (Fig. 3). 

Our experiments? have shown that for the majority of materials the maximum 
height, a, of the ridge formed by the piled-up material is directly proportional to the 
indentation diagonal, d, for pyramid loads ranging from 45 to 0.25 kg. Some a/d 
values are given in Table II. 


TABLE II 


RELATIVE VALUES OF THE MAXIMUM RIDGE HEIGHT AROUND AN INDENTATION PRODUCED BY A 
SQUARE-BASE PYRAMID 


Material Condition (a/d) X 100, % 
Steel 0.45% C without thermal treatment 1-13 
after normalizing 1.10 

after hardening and tempering at 500° 2.70 

after hardening and tempering at 200° 2.12 

Steel 1.0% C without thermal treatment 0.75 
after hardening 0.42 
Brass after rolling 1.50—-1.20 
Tin after rolling 1.54 


In the case of a conical indentation (the apex angle of the conical indenter being 
go°) the a/d value (where d is the indentation diameter) for various steels ranges from 
2.8 to 7.4%, t.e. is considerably greater than for the pyramid with a 136° angle. 
The piled-up sections around the indentation should be removed by trimming the 
surface (e.g. hand grinding) before the test or by running-in. 

In spite of the elastic recovery of the material the impressions made by a pyramid 
or conic indenter in the same material under various loads are approximately alike 
in their geometrical configuration. Here lies an important advantage of a pyramid 
or conical indenter over a spherical one. 

For determining the linear wear (4h) of a flat surface from the alteration of the 
diagonal of a pyramid-shaped indentation, the following expression is used: 


(a1 — de) 


m 


Ah = 


where m is the ratio of the diagonal to the height of the indentation and di and de 
are the lengths of the diagonal before and after the test. 

The difference between the indentation ratio m and the indenter ratio mo (mo 
being the diagonal/height ratio for the indenter) is due to the elastic recovery of 
the material. In the case of an indentation made by a square-base pyramid with a 
136° angle between opposite sides at the apex, the indenter value is mo = 7.0; for in- 
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dentations made in grey cast iron m = 7.6-8.2; for hardened ball-bearing steel 
m = 7.7—-8.4. In the case of an indentation made with a rhombic pyramid with a 
171°20’ angle between long edges (this angle being somewhat smaller than the angle 
in Knoop’s pyramid) the indenter value is mo = 26.7; for impressions in cast iron 
m ranges from 31.0 to 35.8 3. The elastic recovery of an impression in steel or cast 
iron is much lower if it has the shape of a square-base pyramid than in the case of a 
rhombic pyramid. 

If the impression is not on a flat surface and the measured diagonal lies in a cross- 
section having a radius of curvature R, the wear value can be computed from 

(4i—do)  (di— a) 


Ah = | 
m = 8R 


where the plus sign is used if the surface is convex, and the minus sign if the surface 
is concave. 

The indentation method of wear determination requires special apparatus or 
devices. In some cases—for instance for external surfaces of small machine parts— 
the instruments used in hardness and microhardness tests can be used for making 
and measuring the indentations. 


3 240° 210° 180° 90° 60° 30° of 330° 300° 
0.5 1 


1 0.5 0.25 0.25 


Fig. 4. Wear distribution over the surface of the end portion of a fuel pump plunger in a tractor 
diesel engine. Points of equal wear value are connected by lines; the figures 0.25, 0.5, 1, 2, etc. 
give the wear value in microns. 


Various machine parts have been dealt with successfully by this method, such 
as shaft journals, cylinders and piston rings of internal combustion engines, teeth of 
large gears, etc.1, Square pyramidal microimpressions made with an instrument 
ordinarily employed in microhardness tests have been used in studying the wear of 
certain structural components of an alloy (tin babbit) and of a fuel pump plunger ina 
tractor diesel engine. ; 

Fig. 4 shows curves for wear (each curve representing equal wear values) on the 
developed surface of the working portion of this plunger (its diameter is 8.5 mm). 
These data were obtained by G.A. Tashkinov in testing the pump for 180 hours in 
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a test-bed, the engine fuel being deliberately adulterated with abrasive material 
(300 g of 2-~ quartz particles/ton fuel). ) 

The drawbacks of the indentation method, as pointed out above, were an incentive 
towards searching for a better technique. As a result the method of cut-out grooves 
was developed, and this proved to be extremely suitable‘. 


k 
WEAR DETERMINATION FROM THE ALTERATION OF SIZE OF A CUT-OUT GROOVE 


This method is illustrated schematically in Fig. 5. A diamond bit (1), shaped as a 
trihedral pyramid, revolves about the x-x axis, with its face ABC forwards, cutting 


Fig. 6. Cross-section along a groove: A, machine surface before wear; 
B, the same surface after wear. 


deeper and deeper into the metal part (2) so that after several turns a groove (3) is 
formed**, The shape of the groove is formed by two hyperboloids of revolution 


which join along a circle of radius OA described by the bit tip, this circle being the 
mid-line EAF of the groove. 


* U.S.S.R. patent granted to M. M. KHRUSCHOV AND E. S. BerKovicu. 


** There is no word in general use in English for this type of groove; in ref. 5 the cut-out 
groove is described as “‘cut-out lune’, which is a literal translation from Russian. 
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In the case of a flat surface the linear wear value is determined from the expression 


2 2 
4, —l 
Ah = hi — he = i 2) 
8r 


the symbols /; and /2 having the same meaning as in Fig. 6. 

The essential advantage of the cut-out groove method over the indentation tech- 
nique is that (1) no ridge is formed around the groove because the cut-out metal is 
removed in the form of chips, and (2) there is no elastic recovery of material around 
the groove. 


Fig. 7. External view of a groove cut-out in a nitrided surface of a steel cylinder; x 50. 
(a) before wear test; (b) after wear test. 


Two photographs taken before and after the test (Fig. 7a and 7b respectively) show 
the same groove cut out on a nitrided surface of a steel cylinder. 

The length of the groove on the rubbing surface must be at right angles to the 
direction of sliding. For if it is oriented along the direction of sliding, the friction 
marks (friction traces) formed on the surface will hamper the determination of the 
position of the groove ends, when measuring its length. 

The surface of machine parts on which wear is to be determined must be smooth, 
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since the depth of the groove is small, usually not exceeding 50 yw. For instance, 
a groove of length / = 1.00 mm and radius 7 = 6.00 mm has a depth h = 20.8 uu. 

The groove ratio of change in length by wear A/ to change in depth 4h is a func- 
tion of 7, /; and le: 

Al 8r 
Ah Eada) 

In the case considered here the ratio Al/Ah will be 24 if /2 = 0.90 mm. This ratio 
can be described as.‘‘geometric increment’’. When the groove length is measured 
by a microscope with a magnification of 50 the wear value 4/ will be amplified by a 
factor of 24 * 50 = 1200. 

If the groove is cut out on a surface which is not plane but rather has a radius 


of curvature R, the wear value is given by 


Fig. 8. External view of an UPOI-6 device mounted in a car engine cylinder block. 
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As in the case of the indentation method, the determination of wear by means of 
the cut-out groove requires the use of a special device to (r) cut out the groove, (2) 
determine its position and (3) measure its length. 

Fig. 8 shows an instrument, type UPOI-6, designed at the Institute for Machine 
Study of the Academy of Sciences of the U.S.S.R.* for wear determination on car and 
tractor engine cylinders ranging from 65 to 150 mm in diameter. The figure shows 
the device when it is installed in a cylinder of a small car. The mechanism for 
cutting out the grooves is seen in the cylinder on the extreme right; it is contained 
in a sleeve (1) which can be fixed at different heights in the mandrel (2), which is 
on the plane surface of the crankcase, being centred with reference to the upper 
portion of the cylinder. The bit is turned by a handle (3), while its depth of cut is 
controlled by another handle (4). By turning the mandrel inside the cylinder a groove 
can be cut out at different places along the cylinder circumference. When the length 
of the groove is to be measured, sleeve I is replaced by sleeve 5, which contains a 
microscope instead of a cutting mechanism. The groove coordinates along the cylin- 
der and on its circumference are determined from the division marks on the sleeves I 
and 5 and on the mandrel respectively. The length of the groove is measured by 


Fig.9. External view of an UPOI-6 device for measuring a groove cut out in the cylindrical 
surface of a piston ring. 


* The instrument is registered in the U.S.S.R. by the Institute. 
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means of a scale mounted in the microscope eyepiece. There is a lamp in cylinder 5 
to illuminate the groove. 

For cutting out grooves on piston rings the same mechanism in sleeve 1 and the 
microscope in sleeve 5 are mounted in a mandrel (6) which is held in a support (7), 
shown in Fig. 9. After the groove is cut out on the piston ring, the mandrel turns 
through an angle of 180°, bringing the groove into the field of vision of the microscope. 

Wear determination devices of the UPOI-6 type for cylinders are manufactured 
by Gorsoynarkhoz in Moscow. 


Cylinder No. 1 2 3 4 S) 6 


Fig. to. Wear of cylinder walls in a six-cylinder car engine; determinations have been made at 

eight different points along the circumference at each test level. The distances of the test levels 

from the upper plane of the cylinder block were: I, 8 mm; II, 23 mm; III, 35 mm; IV, 55 mm; 
V, 80 mm; VI, too mm. 


The groove-cutting technique is used to advantage in following up the wear of 
cylinders during the running-in period, in estimating the influence of surface rough- 
ness On wear, in investigating the properties of the metals of which the respective 
parts are made, in studying the distribution of wear over the rubbing surface of a 
cylinder. 

Fig. 10 shows the distribution of wear along the circumference of 6 cylinders of an 
internal combustion engine, the investigated circumferences lying at six different 
levels along the cylinder axes. The wear test was run for 500 hours in a test-bed. 
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The evidence furnished by these data is that the wear of the cylinder walls can be 
distributed unevenly either along the circumference or along the axis of a cylinder, 
and may vary widely in different cylinders. The reasons for such a lack of uniformity 
in cylinder wear distribution can be investigated by the new method. 

Special instruments have been designed for using the groove-cutting technique for 
determining wear in the case of crankshaft journals, flat guides of turning lathes, 
bushings, shaft and other machine parts!. 
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Authors’ Abstracts 


Surface Re-orientation Caused on Metals by Abrasion—its Nature, Origin and Relation 
to Friction and Wear 


V. D. Scott AND H. Wirman (Applied Physical Chemistry of Surfaces Laboratory, 
Chemical Engineering Department, Imperial College, London, S.W. 7.) — Proc. Roy. 
Soc. (London), A 247 (1958) 353-368; (Io fig.; 23 ref.). 

No adequate study of the surface structure of abraded polycrystalline metals has 
been made hitherto. The present electron-diffraction investigation of unidirectionally 
abraded beryllium and magnesium elucidates for the first time the characteristic 
nature and the origin of the fibre texture caused by abrasion, particularly its relation 
to the friction coefficient and the wear. The effects of a wide variety of conditions 
of load, speed, temperature and abrasive particle size are determined. 

The main fibre orientation developed is of [oor] type, the axis being inclined by 
an angle 6 away from the outward normal, towards the direction from which the 
abrasive particles came. For beryllium 6 is about 21°, the fibre axis being then along 
the resultant of the normal load W and the tangential frictional force F, at tan-1 yu 
= tan-} 0.38 to the normal. For magnesium 6 = 22° and uw = 0.40. This main 
oblique fibre orientation is clearly a compression texture, the [ooor] slip lamellae 
becoming oriented normal to the compression axis. A very weak tendency of azi- 
muthal preference round the axis, with <10o> normal to the abrasion direction, was 
also observed in a few cases. 

With increasing load (above 1 kg/cm?, using 0000 emery paper) on beryllium, in 
addition to the above main oblique texture the surface regions showed an increasing 
proportion of metal having a [oor] fibre orientation, with its axis normal to the sur- 
face, associated with the progressively greater amount of metal removed by shearing. 

Similar oblique and normal [oor] fibre textures are developed by abrasion on 
single-crystal beryllium surfaces, showing clearly the extent of the lattice fragmen- 
tation. The region of transition to the underlying undisturbed crystal lattive indi- 
cates by its form that the deformation process involves flexural rotational slip on 
[ooor], 7.e, rotational slip on [ooor] with simultaneous flexure of the slip lamellae 
about an axis parallel to [ooor] not limited to the usual <210> direction. 
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Systematic Abstracts of Current Literature 


Reprinted from Battelle Technical Review 1959 and from other sources 


I. DEFORMATION AND FRACTURE 


Stress Relaxation in Structural Materials. 
A. M. Freudenthal. Wright Air Development 
Center, U.S. Air Force) Oct; 1958, 45 pp. 
(Order PB 151516 from OTS, U. S. Depart- 
ment of Commerce, Washington 25, D. C., 
$ 1.25.) 

The phenomenon of stress-relaxation is 
discussed in relation to its physical origin, 
its mathematical representation, its experi- 
mental determination and its design signifi- 
cance, with particular emphasis on the inter- 
relation between creep and relaxation in 
metals and in polymers. It was concluded that 
relaxation data can be obtained only from 
actual relaxation tests; conversion of creep- 
data into relaxation-data, either directly or 
by way of “isochronous’’ stress-strain rela- 
tions, produces highly unreliable results. Uni- 
axial relaxation tests, it was found, do not 
provide information that is directly applicable 
to the prediction of relaxation in 2- and 3- 
dimensional structural parts. These and other 
findings led to the recommendation to dis- 
continue completely uni-axial relaxation test- 
ing. Instead, new flexing procedures should 
be developed for determination of the stress- 
rate effect under uni-axial as well as under 
two and three-dimensional states of stress 
without and with superimposed temperature 
fields. 


Fracture Strengths Relative to Onset and 
Arrest of Crack Propagation. 

G. R. Irwin, J. A. Kies and H. L. Smith- 
Naval Research Laboratory, Nov. 1958, 26 pp. 
(Order PB 151131 from OTS, U. S. Depart- 
ment of Commerce, Washington 25, D. C., 
75 cents.) 

The intent of this study was to estimate 
the tensile load necessary to cause fracture 
propagation by determining strength meas- 
urements by which the crack-extension pro- 
cess could be related to the surrounding 
stress field. Methods were developed for du- 
plicating both the plane-strain and plane 
stress-conditions in laboratory measurements 
of fracture strength. Conditions of stress 
which control spreading of a deeply embedded 
tensile crack are identified as those of plane 
strain. If the thickness of a plate containing 
a through crack is small enough, crack ex- 


tension is accompanied by substantial a- 
mounts of plastic thickness reduction at the 
leading edge of the crack. A generalized plane- 
stress viewpoint is then applicable, and a rel- 
atively tough shear mode of fracture occurs. 
Observations of fracture mode coupled with 
fracture strength measurements suggested 
that it may be possible to predict which frac- 
ture mode will occur in terms of the plate 
thickness, yield stress, and the value of frac- 
ture strength for completely plane-strain 
fracturing. The analytical procedures are said 
to assist in the analysis of such problems as 
fracture of pressurized-fuselage commercial 
jet aircraft, bursting of steam turbine-gene- 
rator rotors, and shattering of transparent 
plastic canopies. 


Stressing Theory for Impact Comminution. 
(in German) 

H. Rumpf. Chemie-Ingenieur-Technik, v. 31, 
1959, Pp. 323; 20 fig., 13 ref. 

The energy yield in impact comminution will 
be comparatively favourable if the capacity 
and ability of the material to absorb the 
energy of change-of-shape without breakage 
is reduced with short-term impact stressing. 
The better selective crushing may be associ- 
ated with the fact that the stress distribution 
is changed compared with that for similar 
stressing between two surfaces. 

The possibilities for energy utilization are dis- 
cussed on the basis of the laws of mechanical 
and elastic impact. In a comminution plant 
there is a wide distribution of impact possibi- 
lities. The probability of mutual particle im- 
pact can, toa first approximation, be esti- 
mated with the aid of the free-path length 
calculated from the Maxwell velocity dis- 
tribution. The relationship between the 
maximum impact stress and the essential 
factors influencing the operation are derived 
by dimensional analysis for geometrically si- 
milar and arbitrary particles having a sphe- 
rical impact point. In the latter case the Hertz 
equations apply. ; 

In the adjustment of impact comminution 
plant, a correct match between the impact 
velocity and the particle strength must first 
be found. In addition to the relationship be- 
tween the strength and particle size, the in- 
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fluence of air friction and the limitation of the 
motion path in the case of small, free-path 
lengths must be taken into consideration. 

For the specific work requirement a simple 


relationship with the frequency of impact and 
velocity is found which can be employed for 
presentation of the whole sphere of impact 
comminution. 


2. ADHESION AND FRICTION 


The Adhesion Capacity of Dry, Small Par- 
ticle-size Materials. 

W. Batel. Chemie-Ingenieur-Technik, v. 31, 
1959, P. 343; 4 fig., 7 ref. 

It is shown experimentally that the adhesion 
and cohesion of dry, small particle-size ma- 
terials often occurs as a result of adsorption 
layers. With the elimination of these layers 
the adhesion capacity disappears except when 
this is caused by electrostatic charges or di- 
rectly by the field force of the molecules in 
the solid surface. The friction factor w in- 
creases with the particle size and with the 
elimination of the adsorption layers. 


Research and Development on Determina- 
tion of Coefficients of Friction between Dry 
Metallic Surfaces. 

E. W. Gaylord and H. Shu. Carnegie Institute 
of Technology for Watertown Arsenal, U.S. 
Army Ordnance Corps. Oct. 1957. 49 pp. 


(Order PB 131943 from OTS, U. S. Depart- 
ment of Commerce, Washington 25, D. Gy 
$ 1.50.) } 
Research was conducted to determine co- 
efficients of static friction between dry met- 
allic surfaces under high normal pressures, 
and coefficients of kinetic friction under high 
normal pressures and high sliding velocities. 
Tested were the following pairs of metals: 
steel rubbing on steel, titanium on steel, ura- 
nium on uranium, titanium on uranium, be- 
ryllium on uranium, and beryllium on tita- 
nium. Normal rubbing pressures ranged be- 
tween 1,500 and 12,000 p.s.i. for statically 
applied loads and between 12,000 and 21,000 
p.s.i. for dynamically applied loads. Coeffi- 
cients of kinetic friction were determined be- 
tween various metals for rubbing speeds 
between 30 and 50 ft./sec and rubbing pressure 
of 1,600 to 3,000 p.s.i. 


3. LUBRICATION AND LUBRICANTS 


3.1. Lubrication 


Lubrication of Titanium. 

N. Fatica. Clevite Research Center for Wright 
Air Development Center, U. S. Air Force, 
May 1958, 78 pp. (Order PB 131981 from 
OTS, U.S. Department of Commerce, Wash- 
ington 25, D.C., $ 2.25.) 

Two testers, the Shell Four Ball and the 
Falex, were used in this investigation to ob- 
tain information about the frictional proper- 
ties of modified titanium coatings. A com- 
parison was made of the wear resistance of 
the best surface treatments with various 
lubricants. Correlation of wear rates with the 
frictional characteristics of the different sys- 
tems was moderately successfulin both testers. 
It appeared possible to obtain equivalent 
wear resistance in many cases using electro- 
less nickel plates, cyanided, nitrided, carbur- 
ized, oxidized, or carburized iron-plated ti- 
tanium. The higher the halogen content of the 
lubricant, the better were its lubricating 
properties. It was noted that systems showing 
high wear rates in one type of tester will show 
high wear rates in the other. The conclusion 
was drawn that the essential nature of the 
action taking place in either tester is identical. 
Thus any lack of correlation must be attri- 
buted to operation in widely different pressure 
and temperature ranges. (Part 1 of this report 
was released earlier and is still available from 
OTS. It is PB 131650, same title, Part 1, Dec. 
1957, 52 pp., $ 1.50.) 


3.2. Lubricants 


Sortenbeschrankung und Giitebewertung 
von Schmierstoffen fiir Hiittenindustrie und 
Bergbau. 

Reduction of the Varieties of Types and Esti- 
mation of the Quality of Lubricants Used in 
the Steel and Mining Industries. 

Georg Heinz Géttner. Stahl und Eisen, v. 79, 
no. 3, Feb. 5, 1959, p. 148-156. 

Measure of viscosity in lubrication engineer- 
ing. Classification of lubricating oils. Pure- 
viscous and _ structural-viscous lubricants. 
Quality control: physical and chemical meth- 
ods as well as functioning tests. Investigation 
on lubricating oils used in rolling mills. Test- 
ing greases for roll neck bearings with high 
circumferential speeds of the antifriction 
bodies. 


What Determines Engine Oil Consumption? 
M. Pobereskin, D. N. Sunderman, and E. sibs 
Fithian. Atomic World, v. 10, Mar. 1959, p. 
IIO-IIl. 

Radioactive tracers were added to diesel 
engine lubricating oil so that when the oil was 
burnt in the cylinders the activity would pass 
into the exhaust gases. By monitoring the 
activity in the exhaust it was possible to de- 
termine the oil consumption. A correlation 
between oil consumption and engine wear was 
made. Effect of running conditions on con- 
sumption was determined. 
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European Cars. II. Engines. 

Lubrication, v. 45, Feb. 1959, p. 13-36. 
Discusses lubrication requirements. Classifi- 
cations of lubricants; oil drain intervals for 
city and suburban driving, cold weather or 
start-and-stop driving, and open highway 
driving ; tables of car manufacturer’s motor 
oil recommendations for foreign cars. Various 
designs of clutches, manual and automatic 
transmissions, differentials, brakes, and sus- 
pension systems and specifies types of lubri- 
cants to use for each. 


Functional Fluids and Synthetic Lubricants. 
eee Eng. Chem., v. 51, no. 5, 1959, p. 49A— 
58. 

Unquestionably, the market for synthetic hy- 
draulic fluids and lubricants will expand, but 
more importantly, it will demand products 
capable of operating at higher temperatures, 
pressures, and speeds. For example, skin 
temperatures of aircraft flying at seven times 
the speed of sound and at 50,000 feet can 
reach fantastic heights. 

In 1958, over-all production of synthetic oils 
in the United States was about 10,000,000 
gallons, but by 1965 this figure may reach 
70,000,000 gallons. By 1960, the military will 
use about 4,000,000 gallons of synthetic lubri- 


cants, and by 1965, commercial outlets will 
use about 1,000,000 gallons. 

The information contained in this report was 
presented to the Division of Chemical Mar- 
keting and Economics of the ACS at the 
Symposium on Functional Fluids and Syn- 
thetic Lubricants, Chicago, September 8, 
1958, conducted under the chairmanship of 
Robert S. First. Topics: Silicones, Silicate 
esters; Pentaerythritol esters; Aromatic acids 
and fluoralcohols; High temperature anti- 
oxidants; Nonpetroleum lubricants in air- 
craft; Jet engine lubricants; Hydraulic fluids 
for supersonic aircraft and missiles. 


3.3. Solid Lubricants 


Lubricating Properties of Lead-Monoxide- 
Base Coatings of Various Compositions at 
Temperatures to 1250°F, 

Harold E. Sliney. U. S. National Aeronautics 
and Space Administration, NASA Memoran- 
dum 3-2-59E. Feb. 1959, 22 pp. 

Study of PbO-containing dry-film lubricants. 
Other oxides in the formulations influenced 
such properties as softening points, adherence 
to metals, hardness, vitrifying tendencies, or 
chemical stability. Several coatings protected 
metals against adhesive wear at test temper- 
atures from 75 to 1250°F. 


4. BEARINGS, GEARS AND RELATED MACHINE PaRTS 


Investigation of Factors Affecting High- 
Temperature Gear Operation. 

E. E. Shipley. Lubrication Engineering, v. 15, 
Mar. 1959, p. 98 + 6 pages. 


Studies to find lubricants, materials and gear 
designs that will operate successfully at high 
temperatures. 


5. WEAR AND WEAR RESISTANCE 


5.1. Materials 


A Study of Refractory Materials for Seal 
and Bearing Applications in Aircraft Acces- 
sory Units and Rocket Motors. 

L. B. Sibley and others. Battelle Memorial In- 
stitute for Wright Air Development Center, 
U. S. Air Force, Oct. 1958, 59 pp. (Order 
PB 151483 from OTS, U. S. Department of 
Commerce, Washington 25, D. C., $ 1.50.) 
Commercially available ceramics and cermets 
were evaluated for rubbing-wear behavior 
under conditions applicable to aircraft acces- 
sories. Friction, wear, and corrosion behavior 
of potential bearing and seal materials were 
studied in an oxidizing atmosphere from 1000 
to 1800°F. Rubbing wear tests were made at 
sliding speeds of 200 ft./sec with 20-p.s.i. load 
pressure at contact surfaces. Several material 
combinations involving an alumina—chro- 
mium-—molybdenum cermet, silicon carbide, 
alumina, and a titanium carbide—nickel—mo- 
lybdenum cermet showed promise for short- 
life rubbing-seal applications, although rapid 
wear and erratic frictional behavior were ob- 


served. Superficial surface cracking was noted 
in all specimens except silicon carbide. A 
wear-failure mechanism was postulated and 
some correlation of test results with conven- 
tional thermal-stress-resistance parameters 
was obtained. Other tests simulated conditions 
of rockets. The static corrosion resistance of 
several materials was determined in a nitric 
acid oxidizer used in some rocket-propellant 
pumps. 


A Research Program on the Investigation of 
Seal Materials for High Temperature Ap- 
plications. 

R. H. Baskey. Horizons Inc. for Wright Air 
Development Center, U. 5. Air Force, June 
1958, 74 pp. (Order PB 151451 from OTS, 
U. S. Department of Commerce, Washington 
25, D.C., $ 2.—.) 

Novel rotating seal materials for potential 
aircraft use at high speeds and high temper- 
atures were developed and tested under con- 
ditions of no external lubrication. The studies 
involved pure refractory hard metals, binary 
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alloys of these metals bonded with nickel, and 
ternary alloys of these metals bonded with 
nickel and infiltrated with silver. Nickel was 
used to provide a tough, oxidation-resistant 
matrix and silver was added to act as a lubri- 
cant. Two ternary alloys prepared by powder 
metallurgy techniques showed superior wear 
qualities when run against tool steel and In- 
conel. The best alloys, according to the report, 
contained tungsten boride or chromium ni- 
tride as the basic metal. Tungsten boride gave 
a constant wear rate at all temperatures 
while chromium nitride’s wear rate decreased 
at the higher temperatures. The report con- 
cludes that wear is greatly influenced by 
oxidation at the rubbing surfaces and that 
with proper materials, stable and complex 
oxides are formed which give the correct solid 
lubricating film on each component. They 
also decrease wear rate as temperature is in- 
creased. 


Metal and Self-bonded Silicon Carbide. 

R. E. Wilson, L. B. Coffin, and J. R. Tinkle- 
paugh. Alfred University for Wright Air De- 
velopment Center, U.S. Air Force, Jan. 1955, 
46 pp. (Order PB 151115 from OTS, U. S. 
Department of Commerce, Washington 25, 
ID Grid sees) 

This research was divided into two phases, 
one concerned with self-bonded silicon carbide 
and the other with metal-bonded silicon car- 
bide. A method was devised for the formation 
of dense self-bonded silicon carbide by hot 
pressing. Aluminum in small quantities was 
found essential to the formation of uniformly 
dense specimens. Evaluation of dense silicon 
carbide as an uncooled rocket material show- 
ed its resistance to oxygen—propane flame 
erosion to be excellent. In the metal-bonding 
study, molybdenum and silicon carbide were 
hot pressed to form dense specimens having 
good oxidation resistance and a modulus of 
rupture exceeding 70,000 p.s.i. at 1800°F. 
Effects of partial replacement of titanium 
carbide by silicon carbide in a sintered tita- 
nium carbide—nickel cermet are described. 


Metal-Reinforced Ceramic Radome. 

L. M. Atlas. Armour Research Foundation of 
Illinois Institute of Technology for Wright 
Air Development Center, U.S. Air Force, Oct. 
1958, 42 pp. (Order PB 151504 from OTS, 
U.S. Department of Commerce, Washington 
25, D. C., $ 1.25.) 

Attempts were made to develop metal-rein- 
forced alumina composites which would be 
less brittle than the present alumina ceramics 
used in aircraft radomes. Use of the alumina 
materials has been seriously hampered by 
their brittleness. Composites containing wire 
screens and perforated metal sheets were pre- 
pared by hot pressing, phosphate bonding, 
and ceramic-to-metal brazing. The first meth- 
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od promotes ceramic flow, while the other 
two effectively eliminate shrinkage. Flexural 
loading of the composites caused failure of the 
ceramic component under smaller loads than 
are required to break an equal thickness of 
homogeneous ceramics. The test bars, how- 
ever, did not shatter but preserved consider- 
able structural integrity. The impact absorp- 
tion of reinforced specimens depended on the 
thickness and type of metal used, and is 
reported in some cases to have been ten times 
that of ceramic used alone. Thermal expan- 
sion data, moduli of elasticity, bulk densities, 
and some electrical measurements were Car- 
ried out. In addition, composites were prepar- 
ed for rain erosion evaluation. 


5.2. Wear Resistance 


The Mechanism of Erosion of Ductile 
Metals. 

Iain Finnie. Proc. 3rd U.S. Natl. Congr. Appl. 
Mechanics, p. 527-532. 

The manner in which abrasive particles erode 
the surface of a ductile metal has been studied 
analytically and experimentally. By consider- 
ing the behavior of a single abrasive grain 
impinging on the surface, equations have been 
derived which predict the weight loss by 
erosion. Experimental results for several me- 
tals show good agreement with the predicted 
variation of weight loss with particle velocity 
and direction relative to the surface. The ma- 
terial properties required for numerical weight 
loss prediction are shown to be compatible 
with those obtained from metal cutting ex- 
periments. 

(See also a later issue of this volume of Wear.) 


An Experimental Study of Erosion. 

Jain Finnie. Soc. Exptl. Stress Analysis, Spring 
Meeting, Washington, D.C., May 20-22, 1959 
— to be published in their proceedings. 

An understanding of erosion has in the past 
been limited by the lack of complete experi- 
mental data. This paper describes an erosion 
tester in which the test variables may be ac- 
curately measured and controlled. Data are 
given for several ductile and brittle materials 
eroded over a range of angles and velocities. 
Finally, some practical considerations arising 
out of the data are discussed. 


Fundamental Mechanism of Wear and Fric- 
tion of Unlubricated Metallic Surfaces at 
High Sliding Speeds. 

F. M. Sauer. Stanford Research Institute for 
Naval Ordnance Test Station, Apr. 1957, 62 
pp. (Order PB 131963 from OTS, U. S. De- 
Spon of Commerce, Washington 25, D.C., 

1.75. 

Type 304 stainless steel was examined for 
wear and friction. This study was aimed at 
determining mechanisms which would permit 
accurate prediction of wear and friction of 
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metals under extreme pressure and velocity. 
Specifically, means were sought to minimize 
the wear of shoes which support and guide 
rocket-propelled sleds used in Navy captive 
flight testing. Test runs were made with Type 
304 stainless-steel sliders and with unalloyed 
molybdenum. Bearing pressures ranged from 
160 to 1600 p.s.i., and sliding velocities were 


600 to 790 ft./sec. It was concluded that 
slider surface temperature increases from am- 
bient to melting during the transient phase. It 
was found that a molten film exists at the in- 
terface between the slider and the rail during 
the steady state phase. Molybdenum showed 
an over-all wear rate of one-tenth that of 
stain less steel. 


6. ANALYSIS AND TESTING 


Determining Wear in Automotive Engines. 
R. L. Pontious. Lubrication Engineering, v. 
15, Mar. 1959, p. 110 + 6 pages. 


Piston ring, piston pin, and valve train wear 
under various operational conditions are dis- 
cussed. Includes radioactive tracer methods. 


7. SURFACE TREATMENT AND FINISHING 


Shot Peening in Relation to Gear Tooth 
Scoring. 

J. C. Straub. Lubrication Engineering, v. 15, 
Mar. 1959, p. 106 + 4 pages. 

Although used primarily for increasing fatigue 
strength, shot peening can be used to avoid 
other types of failure. 


Impregnation of Ivon and Steel with Sulfur 
Henry Brutcher Technical Translations, P.O. 
Box 157, Altadena, Calif. 


Sulfidizing of Chromium Stainless Steels. 
E. P. Pukhovskii and others. Metallovedenie 1 
Obrabotka Metallov, v. 2, no. 5, 1956, pp. 40- 
43; 5 fig., 3 tables, 1,200 words. (No. 3799, 
$ 2.90) 

Advantages of sulfidizing especially for im- 
proved frictional wear resistance of stainless 
steels. Effect of pack sulfidizing in 3 different 
mixes of graphite, ferrous sulfide, and potas- 
sium ferrocyanide at various temperatures 
(560, 650, and 750°C) for various lengths of 
time (up to 24 hours) upon wear resistance of 
13% Cr steels with 0.10, 0.20, and 0.30%C. 
Experimental procedure for sulfidizing and 
wear testing; determination of wear index 
used in study. Depth of sulfur-impregnated 
zone. Interpretation of results of wear tests on 
sulfidized and unsulfidized specimens. Wear 
resistance of sulfidized steels other than stain- 
less (0.30% C plain steel; 0.409%, Ch rYnCr, 
0.4% Ni steel). 


Sulfidizing (of Steel and Cast Iron) in Fused 
Salts. 

FE. M. Morozova and F. R. Florensova. Stanki 
i Instyvument. v. 27, no. 5, 1956, Pp. 27-39; 
8fig., 5 tables, 2,100 words. (No. 3839, $ 4.85). 
Sulfidizing of alloy structural steels and cast 
irons in baths containing potassium ferro- 
cyanide, sodium hydroxide, and sodium thio- 
sulfate. Composition of bath giving the best 
depth of sulfidizing and the highest concen- 
trations of sulfur and nitrogen in surface 
zone; effect of duration of sulfidizing treat- 


ment. Microstructure of steel and cast iron 
specimens (in part with high initial sulfur 
contents) treated. Mechanism of saturation of 
specimens with sulfur and nitrogen ; simulta- 
neous formation of iron oxides in case and 
effect of presence of potassium ferrocyanide 
in bath upon these iron oxides. Influence of 
sulfur impregnation on hardness, wear resist- 
ance, and coefficient of friction. Advantages 
of sulfidizing of components operating at high 
speed under lubration-starved conditions. 


Depth of Sulfur-enriched Zone Produced 
when Sulfidizing Steel and Cast Iron. 

G. V. Karpenko et al. Vestnik Mashinostroe- 
niva, V. 37, NO. 2,1957, P. 61-2; 2 fig., 1,100 
words. (No. 3932, $ 2.90) 

Literature data on depth of sulfidized case on 
iron alloys, and their discrepancies. Use of 
labeled sulfur atoms by authors for determin- 
ing the actual depths of penetration of sulfur 
into steel and cast iron. Radioisotope, steels, 
and cast iron used in study; sulfidizing prac- 
tice; bath composition. Investigational pro- 
cedure: specimen holder (Fig. 1); variation of 
signals with depth of surface zone (Fig. 2). 
True depth of sulfur penetration and conclu- 
sions drawn. 


X-Ray Study of Sulfurizing of Steel. 

Yu. M. Vinogradov and V. D. Zelenova. 
Zavodskaya Laboratoriya, v. 23, 00. 6, 1957; 
p. 697-698; 2 fig., 1,400 words. (No. 4032, 
$ 3.60) 

Comparison of X-ray spectra (Fig. 1) of sur- 
face layers of specimens of 0.45% plain carbon 
steel sulfurized in nine different baths. Pro- 
cedure in X-ray analysis and in frictional 
wear test. Numerical data on composition of 
sulfurizing baths. Advantages of baths pro- 
ducing pure ferrous sulfide in surface layer as 
against baths giving a predominantly nitrided 
surface, demonstrated on the basis of wear 
tests of the surface layers under different 
loads (Fig. 2). Recommended sulfurizing 
baths. 
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Dilatometric Study of Physical Chemistry of 
Sulfidizing Process. 

T. P. Gil’man. Metallovedenie i Obvabotka Me- 
tallov, no. 10, Oct. 1958, p. 33-36; 4 fig., 
2 tables, 1,100 words. (No. 4393, $ 3.50) 
Dilatometric curves recorded for iron powder 
specimens containing up to 4% sulfur and in 
part, 1% graphite, and heated to, and cooled 
from, 1,000°C (Figs. 1 and 2). Dilatometric 
curves obtained of similar specimens when 
heated once or several times to, and cooled 
from, 300°C (Figs. 3 and 4). Formation of iron 
sulfides. Recommended sulfidizing temper- 
ature for endowing steel components with 
anti-seizing properties. 


Interaction Between Some Sulfidizing Salts 
and Cast Iron or Steel. 

A. V. Kriulin. Metallovedenie i Obrabotha Me- 
tallov, no. 10, Oct. 1958, p. 58-62; 4 fig., 1,400 
words. (No. 4399, $ 3.80) 
Study of various salts for performance in sul- 
fidizing baths for cast iron and steel articles. 
Salts covered: thiocyanates (sodium, po- 
tassium, ammonia, lead) ; sulfides (ferrous and 
sodium) ; sulfates (sodium) and bisulfates (po- 
tassium); sulfites and bisulfites (sodium). 
Sequence of salts studied in regard to rate and 
completeness of reaction with work pieces to 
be sulfur impregnated, the bath to consist in 
each case of a single salt only. 


8. MACHINING AND Toot WEAR 


Metal Cutting With Ceramic Tools. 

(in Russian) 

A. M. Vul’f. 1958, 182 pp. State Scientific- 
Technical Publishing House of Machine-Con- 
struction Literature, Moscow-Leningrad. 
Systematic investigations of lengthy experi- 
ments in machining with ceramic tools; ac- 
complishments of Russian and Western 
science in this field. Analysis of physical-me- 
chanical properties of ceramic tool materials, 
cutting forces, temperatures, tool wear, sur- 
face finish. Recommendations in selecting 
tool geometry and cutting rates. 


Experience With Ceramic Tools at the 
Plant. (in Russian) 
Tu. D. Ligskii. Paper from Rezaniye Minera- 
lokeramicheskimi Instrumentami, 1958, p. 
148-172. Publishing House of the Defense 
Industry, Moscow. 


Design and use of milling cutters having 12 
ceramic tips set at different radii and at gra- 
duated distances from the table. 


Cutting With Ceramic Tools. (in Russian) 
S. B. Futorian and A. E. Gel’fand, editors. 
1958, 208 pp. Publishing House of the Defense 
Industry, Moscow. 

A collection of 18 papers on the experience of 
various plants and research organizations in 
tool design, geometry, life, sharpening, and 
cutting rates. In one plant ceramic tools are 
being used successfully to cut steel discs at 
3720 sfm with 3.5 mm depth of cut and 0.3 
mm/rev feed. Two papers discuss use of cera- 
mics for other than cutting tools and one 
paper is devoted to the manufacturing tech- 
nology of ceramic materials. 


Bibliographies 


mince 


Triaryl phosphates 


Functional Fluids and Additives to Lubrication Oils, Hydvaulic Fluids and Fuels, Technical Service 
Bulletin New Series No. 2 Chemicals, The Geigy Company Ltd., Rhodes, Middleton, Manchester; 
48 pp.; 6 fig.; 13 tables; 21 ref. (1937-1954); patents. 


This bulletin has the threefold purpose of indicating newer developments in the use of triaryl 
phosphates, detailing background literature and theory on these uses, and surveying the literature 
on the use of such compounds in lubricating oils, hydraulic fluids, and fuels. 

Most of the work has been carried out with tritolyl phosphate, but in many applications this 
can be replaced by either triphenyl phosphate or trixylyl phosphate. 


Mechanical Properties of Chromium Deposits 
Henry Brutcher Translations, P.O.Box 157, Altadena, Calif. 


Abstracts (in English) of 1o German and 8 Russian reports and papers published between 1940 
and 1955. The full translations are now available. 
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FRICTION, WEAR AND LUBRICATION RESEARCH IN POLAND 
Communication from the Physics Department of the Politechnika Krakowska 


Publications in 1958 


On the Participation of Adhesion Forces in Rolling Friction 
J. HaLAUNBRENNER, Scientific Cahiers of Politechnika Krakowska, Mechanic, 122 (2) (1958). 


Friction, Wear and Lubrication of Metals 
M. HaLauNBRENNER, Mechanik (Warsaw), 515 (11) (1958). 


Kogasin II as the Raw Material for Synthesis of Polymered Lubrication 
A. Hanxus, Czasopismo Techniczne (Krakow), 28 (8) (1958). 


On the Mechanism of Adsorption-Lubrication of Metals 
T. Perrys, Czasopismo Techniczne (Krakéw), 29 (10) (1958). 


Recent Events 


a acu 


SYMPOSIUM ON LUBRICANTS AND LUBRICATION 
Dresden, June 16-19, 1959 


Organised by Brennstofftechnische Gesellschaft, Friedrichstrasse 73, Berlin, D.D.R. 
(A booklet is available) 


Abstracts (in German) of 37 lectures on synthesis, composition, analysis, properties and per- 
formance of lubricants. Essentially survey lectures. 


SEMINAR ON FRICTION, LUBRICATION AND WEAR 
Burgenstock, near Lucerne, Switzerland, September 17-19, 1959 


Sponsored by The Alpha-Molykote Corporation. 


About a dozen European specialists from Universities and industrial laboratories joined the 
technical staff of the sponsors in a general discussion on the above-mentioned topics. Most of the 
lectures are made available by the literature service of the sponsors. 


Hydrodynamic Lubrication. Mixed and Boundary Lubrication 
Dr. Ing. A. BarTEL, Chief Technical Service Department, Molykote Produktionsgesellschaft 
m.b.H., Munich. 

Definitions, concepts and a detailed discussion of the Stribeck diagram}. Present-day ideas in 
Germany on the interpretation of boundary friction. It followed from the discussion that European 
workers are well aware of recent progress made in the United States. Some interesting hypotheses 
on the breakdown of surface layers by a combination of chemical and mechanical actions were 


proposed. 


The Significance and Limitations of Chemical Additives 
Prof. Dr. Ing. habil. E. H. Kapmer, Hannover and Munich, Germany. 
Survey on E.P. additives. 


The Significance of Surface Finish on Friction, Lubrication and Wear Life 


A. Sonntac, President, Alpha-Molykote Corporation, Stamford, Conn., WRS3 
Survey on work with the modified Timken tester. Influence of surface finish on the performance 
of resin-bonded MoS2. Under the conditions of these tests, the size of abrasive particles, used in 
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sand-blasting the metal surfaces, seems to be critical for the performance of the lubricant film. 
These results are no doubt of practical importance, although they cannot yet be generalized. 


Friction Tests of Extreme Bearing Pressure Lubricants 


A. SoNNTAG?»3, 

The essential component in this heavily instrumented tester is a slowly moving power screw, 
which tests under conditions of press-fit, in order to determine the fruction properties of pairs of 
materials and the influence of surface treatments. 

A series of delicate thermocouples allow the determination of sub-surface temperature changes. 
High temperature peaks are measurable, the heat flow corresponding to the Blok theory can be 
determined accurately. 


A Short-time Test with a Modified Kugel-Fischer Grease-tester 


Prof. Dr. Ing. habil. G. SPENGLER, Institute of Technology, Munich. 

A high speed film of the behaviour of greases in the ,ball bearings of this well-known machine 
was shown. 

SPENGLER’S aim is not concerned primarily with testing; he rather prefers to have an instrument 
in which small quantities (5 g) of grease can be studied. However, the test has been made obliga- 
tory, e.g. by the Purchasing Department of the German Postal Administration. It is also used by 
grease manufacturers to control production, as data can be obtained in a very short time. 

The method used by SPENGLER is essentially one of measuring friction, adhesion and flow of 
the greases and not of wear. Standard bearings with specially treated surfaces have to be obtained 
from a manufacturer. SPENGLER stated that correct results can only be obtained with straight 
greases; additives will change the bearing surface permanently and lead to errors in subsequent 
tests. It is therefore necessary to test an unknown grease first with a four-ball tester, in order to 
avoid such errors. 


Lubrication by Solids 


Dr. Jos—EF GAENSHEIMER, Research Chemist, Alpha-Molykote Corporation, Stamford, Conn. 
UStA. 

This survey paper was taken as read. A new point was the statement that MoS oxidizes only 
slowly and first forms a comparatively innocent compound of the MoOS type. Therefore, under 
conditions of low oxygen concentration, the lubricant properties of MoS, will survive at relatively 
higher temperatures. 


New Results with Molybdenum Blue Compounds for Extreme Bearing Pressure 
Lubrication 
Prof. GEorRGES HuGEL, Institut Francais du Pétrole, Rueil-Malmaison, France. 

Continuation of work on organic molybdenum compounds‘. Their decomposition seems to be 
rather unpredictable, and the structure of the lubricant, formed in traces which are not readily 
found by analysis, is still a matter of conjecture. 

SPENGLER reported in the discussion on work just published®. Very small quantities of MoOS. 
are formed on the surface, after decomposition of the organic compounds. This molybdenum 
oxysulphide seems to be amorphous and to be still a good lubricant. 


Application of Molybdenum Disulphide Lubrication in France, especially in the Field of 
Plastics and Powder Metallurgy 


P. BessiEreE, Directeur du Centre d’Information du MoSs, and A. Martre, Directeur La Métal- 
lurgie Francaise Des Poudres, Paris, France. 

Interesting survey on the situation in France. Examples were given of successes in the mining 
and metal industries and of applications in atomic power stations. Detailed discussion on the 
development of resin-based compounds. 


General discussion 


_ One of the main problems seems to be to adapt the carrier of MoSg, which may be either a 
liquid, a grease or a polymer film, to a special purpose in a particular piece of machinery. Com- 
paratively little information on the purity of the dry powder was given. It is known, of course 
that the basic ‘‘Climax grade”’ is insufficient for many special surface applications. Another point, 
not touched upon very clearly in the discussion, is the possibility of using other ith 
layer structure instead of MoSg. a : Som pana arne: 
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The picture which emerges, shows four areas of concentrated research efforts. 
(ieee development of tests which are not only reproducible, but also significant for conditions 
occurring in service. 
(ii) The development of fluid carriers and films with optimum properties for applications in 
hi conventional industrial operations and in machine parts. 
(iii) The application of solid lubricants in atomic energy plants. 
(iv) The application of solid lubricants in machine parts at very high speeds and in space flight. 


G. VOGELPOHL, Z. Ver. deut. Ing., 96 (1954) 261-268. 
A. Sonntac, Lubrication News Letter (Molycote), 2 (1). 
A. Sonntac, Production Eng., June (1959). 

G. HuGEL, French Patents 1.099.953 to 955. 

G. SPENGLER AND A. WEBER, Ber., 92 (1959) 2163. 


ap WD 


FIRST INTERNATIONAL SYMPOSIUM ON GAS-LUBRICATED BEARINGS 
Washington, D.C., October 26-28, 1959 


Sponsored by the Office of Naval Research 
Conducted by the Franklin Institute 


This symposium is intended by the Office of Naval Research to provide an introductory over-all 
examination and critical review of research and development pertinent to gas-lubricated bearing 
design technology. 

The complete proceedings of the Symposium will be printed and made available as soon as 
possible after the meeting. 


D. D. Futter, Columbia University and Franklin Institute: 
General review of gas bearing technology. 
S.WuitLEy, United Kingdom Atomic Energy Authority, Capenhurst, England: . 
A review of research on gas bearings in the U.K.A.E.A. 
M. GRANEEK AND J. Kerr, National Engineering Laboratory, East Kilbride, Scotland: 
Air bearings—research and application at N.E.L., Scotland. 
H. G. Etrop, Columbia University, and A. BurcporFER, formerly Franklin Institute: 
Refinement of the theory of gas-lubricated journal bearings of infinite length. 
B. STERNLICHT AND H. Porirsky, General Electric Company: 
Dynamic stability aspects of gas-lubricated journal bearings. 
J. S. Ausman, Autonetics Division of North American Aviation: 
Theory and design of self-acting gas-lubricated journal bearings including misalignment 
effects. 
W. A. Gross, International Business Machines Corp. : 
Numerical analysis of gas-lubricating films. 
N. Treet AND V. N. ConsTANTINESCU, Academia Republicii Populare Romine, Bucharest, Ru- 
mania: 
On high-speed self-acting gas bearings. 
R. Comotet, Université de Nancy, Nancy, France: 
Radial flow of a compressible viscous fluid between parallel plates; theoretical study and 
experimental research on thrust bearings. 
G. Hernricu, Technische Hochschule, Vienna, Austria: 
Theory of externally-pressurized bearings with compressible lubricant. 
T. Sasaki AND H. Mort, Kyoto University, Kyoto, Japan: 
Survey of gas-lubricated bearing research in Japan, with recent developments in the study 
of externally-pressurized bearings. 
M. REINER, Technion-Israel Institute of Technology, Haifa, Israel: 
Physics of air viscosity as related to gas bearing design. 
A. StiBarR, Technische Hochschule, Stuttgart, W. Germany: 
Theory of the self-acting gas-lubricated journal bearing of finite width. 
H. Drescuer, Max Planck Institut fiir Stromungsforschung, Gottingen, W. Germany: 
Special features of self-acting gas bearings and their effect on practical application. 


H. C. Rorue, Army Ballistic Missile Agency: 
Air bearings for guidance components of ballistic missiles and their production aspects. 
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Z. N. NemETH AND W. J. ANDERSON, National Aeronautics and Space Administration : : 
Experiments with rotating 10-inch diameter externally-pressurized air thrust bearings. 
G. K. FiscHEeR AND U. L. CuEerusim, Analogue Controls Inc., and O. DECKER, Stratos Division, 
Fairchild: 
Some static and dynamic characteristics of high speed shaft systems. 
H. SrxmitH, University of Reading, Reading, England: 
Theory of a stable, high-speed gas bearing. 
J. H. Laus, Jet Propulsion Laboratory, California Institue of Technology : 
An evaluation of externally-pressurized gas pivot bearings for instruments. : 
G. R. Fox, General Electric Company, and H. J. SNEck, Rensselaer Polytechnic Institute: 
Orifice flows in externally-pressurized gas bearings. 


Book Reviews 


a). rir 


Le Frottement et ’ Usure des Métaux les Antifrictions, par R. Cazaup (Ingénieur C.N.A.M. Docteur 
de l'Université de Paris, ingénieur-conseil). Préface de J. CourBot (Professeur au Conservatoire 
National des Arts et Métiers); xii + 221 pp. 16 X 25 cm; 156 figures. 1955. Relié toile; 2250 F. 


This monograph, published first some years ago, is of primary interest to the French reading 
world, but it deserves also the attention of technologists in general. Dr. CazauD, already well- 
known for his work on fatigue, presents here in a logical form our knowledge on anti-friction 
materials and bearings. 

The book is essentially a monograph on anti-friction materials with some introductory chapters 
on friction and wear of metals and on the properties of materials as related to testing; production 
methods are outlined in a final chapter. 

The exposition is based on carefully chosen literature from about 1936-1954. Although British 
and American contributions rank first, there are a number of interesting references to German and 
French papers. Numerous illustrations from the author’s laboratory acquaint the reader with the 
metallographic features of anti-friction alloys. 

The work constitutes a convenient and attractively written introduction to a specialized field 
of materials technology. 


G.Sa. 


Reference Marks Method for the Determination of Wear of Machine Parts, by M.M. KurusCHOV AND 
E. S. Berkovicu (Academic Press of the U.S.S.R., Moscow, 1959) 218 pp. (in Russian); 23 X 16 


cm; 21 tables, 113 figs. and photographs; 50 ref. of which 43 refer to contributions of workers 
in the U.S.S.R.; 10.25 Roubles. 


Professor KHRuscHOov’s paper in this issue of Wear (p. 60) will suffice to acquaint the 
reader with the general line of thought of this generously illustrated monograph. 

The contents are arranged in 11 chapters. Various methods to determine wear in machine 
parts are presented (40 p.). Geometrical and optical considerations in the estimation of the 
form of grooves (20 p.) are followed by a detailed discussion of the application of square-base 
and rhombic pyramids (27 p.), cones and cylindrical grooves (18 p.). The advantages of the new 
type of groove, named attractively in Russian ‘‘cut-out lune’’, are pointed out (15 p.). Then follow 
two chapters (60 p.) on applications to machine tool and textile machinery and to internal com- 
bustion motors. In the last two chapters the Universal Instrument (see Figs. 8 and 9, pp. 68, 69) 
and auxiliaries are described (13 p.), while the detailed instructions on the use of the instrument 
and on the interpretation of results (12 p.) should be of great value to the novice. 

Much care has been given to all drawings and to the reproduction of photographs. Like most 
Russian books, this monograph is very cheap compared with the price of similar volumes in other 
countries. 


GoSa. 
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Friction im Textiles, by H. G. HoweEtt, K. W. Mreszkis AND D. TAaBor (Butterworths Scientific 
Publications (in association with The Textile Institute) London, 1959) 15 x 23 cm; xi + 263 
pp.; 103 fig., 42 s. (An American edition is published by Textile Books Publishers Inc.). 


Frictional properties of fibres are of essential importance for the processing and the use of 
textile materials. In Practically all operations necessary for building up a textile cloth from a 
bulk mass of single fibres, friction plays an important role, and the final product can exist only 
as a result of the friction which binds the individual fibres together in its complicated structure. 
It is not astonishing, therefore, that numerous friction measurements on fibres have been perform- 
ed by a great variety of methods, and for many purposes: either to obtain fundamental knowl- 
edge about the mechanism of friction, or to connect friction properties with processing and end- 
use characteristics. 

In the present publication, the authors give a survey of the work which has thus far been 
performed in the field of fibre friction. They address themselves to research workers studying 
the theoretical aspects, as well as to textile technologists who deal with friction on a practical 
level. Consequently, the book has been divided into three parts, viz. ‘“Theory of Friction and 
Lubrication”? (by D. TaBor), ‘Friction in Textile Processing’”’ and ‘‘Test Methods” (by H. G. 
HowEtt anv K. W. MIEszKiIs). 

The first part, which is an enlarged version of an earlier publication in the first issue of Wear,* 
starts with the already familiar adhesion theory of metal friction, and proceeds with the appli- 
cation of this theory to the friction of polymers and, especially, of fibres. A very instructive and 
lucid general survey is given of the experimental evidence and theoretical considerations that 
are in favour of the validity of this approach. However, in my opinion, the picture is not yet 
entirely convincing. The essential arguments of the adhesion theory for polymers are, first, the 
observations on plucking, and, secondly, the proportionality between contact area and frictional 
force. This plucking was, however, observed at exceptionally high loads, when the deformations 
in the contact region may be supposed to be of a plastic rather than purely elastic nature, so that 
adhesion and shearing may be expected. As for the observed proportionality between area and 
friction, this fact does not unambiguously support the adhesion theory, since with rubber this 
phenomenon has also been found (TaBor, p. 25). I fully agree with the author (p. 52) that 
further work is desirable, for example on the part played by deformation losses in friction. In 
this respect it is interesting to read, on p. 104, the speculation of one of the other authors that 
for wool a major part of the observed friction may be due to some deformation loss mechanism. 

The first part is completed by a chapter on the mechanism of lubrication, in which again a 
description of the mechanism of lubrication of metals is followed by some considerations on the 
general properties of lubricated polymers and fibres. 

In the second part, the influence of friction in processing is discussed. Here rather diverging 
phenomena are dealt with. The exceptional behaviour of the wool fibre, z.e. the directional fric- 
tional effect, which is responsible for the felting power of wool, is the subject of the first chapter. 
As to the processing in the more strict sense, mainly two different groups of phenomena are of 
interest, viz. firstly the inter-fibre friction, which governs the behaviour of fibres during drafting, 
and secondly the more incidental problems occurring in other stages of the processing, such as 
yarn friction and abrasion against machinery parts. 

From this section of the book it becomes clear how complicated the influence of friction is 
on the behaviour of fibres and yarns during processing. In most cases only a first step has been 
taken towards a complete understanding of these interactions. 

In the third part, the confusing multitude of apparatus and methods for measuring friction 
is systematically summarized. About thirty testing principles are critically reviewed. 

The last two chapters of Part 3 are devoted to somewhat deviating subjects, viz. yarn tensioning 
devices and abrasion testers. Yarn tension is directly related to friction, and so is abrasion if 
defined (p. 225) as wear caused by frictional rubbing. However, it is an open question whether 
abrasion is an important factor in practical wear; presumably fibre fatigue plays a much more 
significant part. Therefore, the practical value of most abrasion testers is rather doubtful. 

In the Appendix, typical values for fibre friction and a key to the relevant literature are given. 
Here the large influence of test conditions is clearly demonstrated by the fact that, in neighbouring 
tables, friction values for nylon—nylon of 0.14 and 0.47, respectively, are found. 

The authors have not achieved completeness in this monograph; this would indeed be im- 
possible in view of such a diversity of subjects. More important is, however, that all these topics, 
ranging from fundamental research to practical weaving problems, are presented in a systematic 
way. Therefore the publication of this book will certainly contribute to a better interaction 
between the fundamental and the technological approach towards friction phenomena in textiles. 


A.K.V. 


* Wear, I (1957/58) 5-31- 
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Metal Fatigue, by J. A. Pope (Chapman & Hall Ltd., London, 1959), 16 X 25 cm; 381 pp., 36 
plates, 253 diagrams, 47 tables; 70 s. 


This book is a systematized collection of twenty papers written by English experts on fatigue, 
and presented at a week’s residential course-held at Nottingham University in 1955. Eight in- 
troductory papers deal with fundamentals of fatigue: fatigue failure phenomena, fracture cri- 
teria, statistical interpretation of fatigue data, stress concentration (shaping), residual stresses 
(surface treatment), corrosion fatigue and fretting corrosion, temperature effect (only for steels). 
A further eight papers deal with fatigue properties of aluminium alloys, cast iron, brass, bronze, 
bearing metals, special high temperature alloys, and some structures. Three contributions relate 
to testing of structures, viz. of beavings, welded structures, and aircraft structures. The intro- 
ductory articles are by the editor. Though not intending to create a textbook, the editor has 
handled the complicated subject of metal fatigue very systematically. A standard nomenclature 
has been used throughout; diagrams and tables have been carefully composed. The result is a 
highly readable book. Some of the photographs, however, are not very clear, for example Fig. 18-4. 

In our opinion, the book can be used as an introduction to the study of fatigue and since it 
also contains a large number of experimental data on fatigue of metals, it may prove a useful 
work of reference. The designer confronted with problems of fatigue, in practice or in technical 
education, will find the book very helpful. Research workers will find beautifully arranged data 
for comparison purposes. It is unfortunate that the rather high price will probably prevent the 
book from finding its way to the shelves where it is most needed. 

The very origin of the book is responsible for the fact that some chapters leave gaps. Residual 
stresses, as well as morphology of fracture surfaces, have not been given much attention. Prot’s 
method for rapid determination of the fatigue limit, and its efficiency or otherwise, have not 
been discussed. In the series of fatigue machines we missed the Baldwin pulsator. Laminated 
metals and sandwich plates, two current developments and—thanks to their excellent fatigue 
properties—highly interesting items, were not mentioned either. Methods for the location of 
fatigue cracks (for example at aircraft propellers) were also not discussed. 

Readers requiring deeper insight into the fundamental problems involved, will find additional 
information in a book published after the international I.U.T.A.M. congress held in Stockholm 
(also in 1955), which was composed by WEIBULL AND Opguist on the basis of papers presented 
at the congress. That book, however, which appeared three years ago, requires more effort on 
the part of the reader since the overall survey is not as good as in PoPeE’s book. 
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